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Abstract

The 8B solar neutrino flux( Eyecoil electron > 6.5MeV ) is measured by Sup er-Kaniok ande
based on 306.3-day data from M y 31, 1996 to June 23, 1997.The total number of recoil
electrons scattered by B solar neutrinos detected during the detector lie days anoun ts to
4395 118 (stat.) # X, (sy st.) events. The observed 8B neutrino fhix is2.44 +0.06( stat. )25 (syst.)
[x10%cm 257 1], which should be conpared with the standard solar no del prediction(BP95)[9]
6.627% 5 (theo.)[x105ecm=2s~1], The ratioof the observed ®B solar neutrino fhx to the expected
fux (BP95) 150.368 19000 (stat. ) 1937 (sy st.) 1055 (theo. ) The measwred ®B solar neutrino fhux is
corsistent with the KA\MOKWDE-I I & III resultswithin 1 o, and the deficit inthe B solar
neutrino fhx( solar neutrino pwzzle ) isconfirned.

Neutrino oscillationsproposed as a plausible explanation for the solar neutrino pwzle and
possible MW  solutions are examined wsing the 306.3-day Sup er-kamiok ande data. A new
region is excluded from the currently alloved region on the (siif 26, Am?) plane. A future
prospect isdiscussed, too.
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Chapter 1

Introduction

The origin d tle stdlar evdutim is, & wdl kiowm tle nwler fiEmn proess intle P
cin ad tle CNO ¢yde #ic h Figl.l ad 12 dmastae Asdo m in tlhee figrs, som
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retias et a detrn ratrin(  v,). Hawe tle expaimn td dtetin o mbims  wic h
aa fn tle Sw tle mast mErsqEe s, is a dret  eide  fa tle nder fiEm
po oauriig  in tle Sn

@idd v dias o tle Sn lave an tinwdy po vudd ald o ifardion a its sufae
ad tle tlery o te Sn s ben dv dp e vwith tle idamio Te tlay is clal
Sanhd Sla¥ Modl (BM ), ad it wss etasiv dy dv dp el in 950s ad 165G & paise
qiicd  rEsuram ts beam avdldle W wevea, M ks ben impo ved an tinwsly over
pet dads  stimdaed by sda minim  msueen ts & wdl & by da sdsdgy .

Intle lae o 1995 R.Davs ad ks dléb adas stated tle fist paosaig ep airm  t d
the sda mitim  resram t in tle Hestak e Gdd Me in Lexd Sith Ik da U.SA
In ths ep aimn t, tley ago yeal a invase [-da y matim v, + >°C — A + e d
dic h tle emgy theldd is 084 MV, ad wn tel te numbe & greded TA  aam
Tad sda mitim  flix in ths ep aimm t was pedded  to be 7.5 Y Sla Ntiw  Tit:



p+12C»13N+y

p+YC-"N+y

p+14N*150+V

o - BN + et +

-4
~4x 10

p+"™N="C+a

p+15N+160+y
p+150*17F+Y
17,

E > U0+ e + Ve

p+ 70~ Y0+ a

I

Figure 1.2: CNO cycle



10736 captures/target atom/sec )[2], but the observ ed rate dwring the first year of experiren t
was below 3 SNU[3]. While the experiran t proved that origin of the solar erergy gereration
was nwclear fwsion pro cesses, it reported an wexp ected defcit inthe solar rewtrimo flux in the
framaw ork of SSVI. The exp eriman t las been contimed over 20 years, and the defrit has been
uc harged  This defcit inthe solar rewtrino fiix has been called “solar reutrino probleni.

Apro ximtely 20 years later from commanceran t of the 37Cl exp eriren t, the second solar
reutrito  exp erimn t called “Kamok ande-I 17 was started in Kmok a mre, Gifu prefecture,
Jappn  Te detector inits origimal form was corstricted  to search for mucleon deca ys.  AXter
some inmmo veran ts, the detection of solar rewtrinos becam possible. In this exp erinan t, an
imaging water (érerk ov detector with 4,500t of pwe water was wed, and solar reutrims above
7.5 MV, almst all of wic h com from 8B 3 decays, were detected through a recoil electron
from rewtrino elastic scattering off an orbital electron in water; v +e~ — v 4+ e~ . Ths was
the first exp eriran t whic h had ahility to maswe direction and erergy of the solar reutrins in
real tim. Terefore, results from Kok ande-T I are free from dout of the rewtriro sources.
Te retrim fix observ ed in Kok ande-T T from 1987 to 1990 was only 2.7x106em=2s71[4][],
vhile the prediction 6.62x10%cm 25 1[9] . Herce, the previows deficit inthe solar reutrimo was
corfirmad

In 1990s, two other experiman ts were started GLIEX at the Gan Sisso [ab oratory
in Italy, and SAE at the Bksan Nurim otserv atory in Rissia. Bth of these Gllium
radio chemical  exp erimen ts wed a rewrimo absorption  reaction of v, + TG — 1@ + e
to detect solar reutrins. Te adv antage is its low reaction threshold erergy of 0.2332 MV
wic h mdke the two experiman ts semsitive to rewtrims  from the pp fwsion into deuteriunt
Enae=0.42MdV ). Tre olserv ed reutrito  fixes are

SAGE [16] 69  +10( stat) *_57 (SU )
GNIEX  [15] 69.7 +6.7(stat) *_34:*5’ (SU )

(1.1)

Te predicted rate for the 7'Gv experivan t is 137 75 SNU9 ]. Te solar rewtrimo fix from the
pp and pep reaction is believed to be theoretically robuwst. Solar reutrimo  deficit inpp and pep
reutrinos  is confirrad  as well.

To solve the solar reutriro problem variows theoretical effrts have been mde. Tese are
classifed into two grous; to m dify SSM and/or  to introdce rew rewrim prop erties to the
standiard  electroweak theory[25 | of elemen tary particles. Bp ecially, among  them the theory of
the rewtrimo fhvor oscillatiors isthe mst attractive[7]. Te extersion of the theory to reuwtrim
fhivor oscillations inmatter adv ocated origimally by L Wolferstein and later applied to the solar
reitrito prolem by SP.Nlkey ev and AY uSmrm v predicts the comspicios meutrimo  erergy
dep enbrce  of the deficit inthe solar redtrimo fix This iscalled ‘MW  solwtion’. Te rext-
gereration exp eriten t “Sup er-lamok andk” was started in Axwil, 1996 to mk e it conclwiv e
wether  the defcit iscaised by reutrimo  oscillatiors.

In this thesis, the resut on the 8B solar neutriro otserv ation in Sup er-Iamok ande based on
300-d y data isreported indetail. Te curren t statis of SSM and of solar reutrim  exp eriman ts,
and possible solutiors to the solar rewtrimo problem are describ ed in (Qapter 2.

In Qapter 3 and 4, details of the Sp er-lamok ande detector and detector calilbration
are describ ed respectively. Te data amalysis is then detailed in Qapter 5 The resuts and



discussionsare summarized inChapter 6 and 7, respectively, leading to the conclwsion in (apter
8. In addition, the event recorstruction mtho & are explaired in Appendix



Chapter 2

Solar Neutrinos

2.1 SSM(Standard Solar M del s)

The Sun is the neareststarfrom the Earth,and i tisa typi calmai n-sequencestarwhi &
generatesnergieby nucl eaf usi oprocessesThe overal teactioisrepresdredby

4p — a + 2et + 2u, +26.73MeV (2.1)

In ot herwords,fourprotonsarefusedi toone a particl ¢éwo positronsnd two el ectron-
neutrinowi tha totalrel easednergyof 26. 7T3MV. Actual 1yt hisreactiodoes not occur
directlont vi aseeralreacti othai ns Ina nain- sequencet art herexi stwo typesofreaction
chai ns pp- dai nand CNO cycl eThi sreacti caxhenes areal readghosm i nFig. 1.andFig. 1. 2,
respctiel y The ma jorreactionshi ch generatal nostal It heener gy(=I um noyj i na mai n-
sequencestarsuc as t he Sun i st he pp- dain. Contributi diromthe CNO cycldothetotal
sol alt um nos iyti sappr &i matel yt. 5%i nSSM

As seeninFig. 1. therearef ourpracesseshi ch generataeut ri nosnt hepp- hain.Neutri -
nos fromead of thesef ourprocessearecal ledpp”, “pep”, ““Be”,and “*B’ neutrinosespc-
tiglyInadditiort,here sanot herpracessnamed “hep” i nthepp- dai n,but i ti soni ttedlue
toitsmllcortributiof(000029) inthishesisThe energyspectrunofpp and 8B neutrinos
obeya standar dontinous S-decg spectrunmwi t han end poi  energyof 0. 420M V( pp) and
~16 MV (®B),respctialy On theot herhand, pep and "Be neutri nokave a nono chromatic
energyspectrunnf 1. 42MV (pep), 0. 861MV (90%of "Be) or 0. 383V (10%of "Be).

Basicallgonstructi ofiSSM isbasedonneasuredsol aparanetersThey areneasur edby
opticatethods and aresummrizedi nTabl e. 2. Bt andar dsol amo del shave beendewl opd

Paraneter val ue
Phot onLuni nosiy(1s) | 3. 844(#0.004) x 10% ergs !
Mass (M) 1.989x 10°° kg
Radi us (R) 6.96x 10° m
(bl ateness <2 x107°
Age (4.5H 0.02x 10° year

Tabl e2. 1:Masuredsol aparaneters



by a number of theoristssincel960’s ( [8][ 9 [ 12[ 13). In thisthesiswhen one refersothe
standardolarno del j ti st heone cal cul at d&x Bahcal hnd Pi nsonneaulin1995] abbrevi ated
as “BP95”. Ttshoul dbe notedt hatt hesol ameut ri nfluxescal cul at dg di flferetsol amo del s
areingood agreenet wi t hi m di fferencef2%[§ or betterwhen thesane i nputparaneters
aregien.

Forconstructi ofiSSM, nucl eareacti carossectionsheni calabundance radi at ewpac-
ity and sol aconstansaret henost signi ficad nputparanetersIncal cul ati arhef ol vé ng
condi tiomreassuned; hydrostatiequilibriumtweengravitationdbrcend pressurgra-
dienh, nass contimit, energyconserationgnergytransprtatioby radiatioer comectier
notionsenergygeneratiohy nucl eareactionand thatvariatioof chend calabundancei s
affectednl yby nucl eareactiond/nderthesecondi tiondj flereti akquationsfstel 1 avo-
lutiomo del sarenunerical lgal cul atelsy itegrati oand i teratiamtila good nunerical
agreenet i sobtainedetweenthecal cul atedsul and t heobseration.FurtherjnBP95[ 9,
di ffusi orffect of not onl yhel i unbut al smt herheavy el enetisarei ncl uded.

Sol arquantitiesud as mass fractiomsf hydrogen,hel i umand otherheavy el eneis,
densiyt distributi dignperatureand neutrindluxes are determ nechs a resul bf sol vi ng
thestellaawl utioequations.InFig. 2.12.2,2. 3,and 2. 4,tenperatureel ectrodensiy,
and neutri nenergydistributiend radialprofil enf t he neutri ndluxes aredenonstrated
respctisly  As seeninFig. 2. 3, heenergyof sol ameutrinossl es¢ han20 MV, and pp
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Figure2. 1:TenperaturelistributiiomtheSun predicteldy BP95[ 9 SSM

neutrinodom nat eanong them Al nost allt heneutrinohave energiekesghan2MV, and
thefractiams~99. 98% Nuneri calval uesof t hesol ameutri nfluxespredi cteldy BP95[ 9| are
listednTable. 2. 2.

As descridil beforefhe nost significan nput paranetersin SSM are nucl earreaction
crossectionsheni calabundance radi atewpaciy and sol aronstans.Thereforéheoretical
uncertaitmed nt hesol ameutri nflux ori gi natmai nl yf romuncertaitned nt heseparaneters.
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The dependence of the neutrino fluxes on the input parameters can be expressed inthe power-law
rel ationsas,

¢(PP) o 8?11453?30353;0'0611%73(Z/X)_O‘OB(Age) —0.07 (22)
¢(7Be) o Sﬂ0.97s?}’0.43Sg486L?646R%22(Z/ X)0.58(pge )1.3 (2 3)
¢(83 x SﬂzSS?}’OAOngl 51170L6®8R0®48(Z/ X)l'?’(Pge )1.3 (2 4)

where L isthe total solar lumnosity, Rg isthe solar radius, (Z/X) is the initialchemcal
abundance ratioof heavy elenen ts to hydrogen which isequal to 0.0245 in BP95[9 |, Ase isthe
solar age, and S isastrophysical S-factorsdefined by

S = o(E) E.e*P) (2.5)
21 71 Zoe?
n(E) = =5 (2.6)

where o(E) isthe cross section for the reaction, n(E) isthe Sommerfeld paraneter, o isthe
relatie vel acity of two particlesinthe initialstate, Z; and Zo are their charges, and F isthe
relatie energy. The suffix 7 and j of S;; represent the atomc numbers vhich are imvol ved in
the reaction, for instance, Si7 stands for the reaction "B +p —® B + . Then, the S-factors
wed inBY5[9 | are sumarized inTable.2.3% seen inEq.2.2,2.3, and 2.4, the pp neutrino

Reaction (S;;(0)) value( eV-b)
H(p, et ve)?H (S11) | 3.89(140.011) x 1019
S (BB, 2p)'Ee (S33) | 4.99(1=0. 06) x 106
S (YR ,9) B (S34) | 5.23(1+0.032) x102
B (p,7)®B (S17) 22. 4(140. 093)

Table 2.3: S-factors of nucl ear reaction

flux isrelatielyinsensitie to allof the input paraneters but total solar luminosity. The total
solar lumnosity has been neasured by several satellitesand itsuncertainty isestimated to be
+0.4%[9]. On the contrary, "B and ®B solar neutrino flxes are very sersitie to the input
paraneters. Furthermore, the neutrino fluxes also depend on the tenp erature inthe Sun and
the tenp erature dep endence isdescribed as

¢(pp) < T712, ("B ) < T°, $(°B o T8 (2.7)

where T isthe tenp erature of the solar core. The ®B solar neutrino flux isvery semsitie toit
conpared with others. For exanple, ifitis4% lower, the ®B neutrino fix becones half, while
ppand "B neutrino fluxes becone 5% higher and 30% lower, respectitel y:

2.2 Solar Neutrino Experi memns

Since 1968, prior to Sup er-Kamokande, there have been four solar neutrino experinents:
Hnestak e, amok ande-IT+ IT, GALIEX, SA & In thissection, these 4 experinents are ex-
plained and recent resul tsfrom these are summarized.



2.2.1 Homestake Experinen t

The Homestake experinen t isthe first pioneering experinent to observe solar neutrinos and
it has been operated since 1968 by R.Daivisand his collaborators. This experiment uses the
imverse 3-decay reaction to detect solar neutrinos:

ve + 27C1 — e~ 4 3"Ar. (2.8)

The threshold energy of this reactionis0.814MeV. An 3"A atom decays into 3’d via electron
captire and itreleasesa 2.82keV Auger electronat the decay. The half lifeof 3"A is35days.
In this experinent, they use 3.8 x 10° liters( corresponding to 615 netric tons ) of liquid
perchloroethylene ( C2Q 4 ) contained ina horizontal cylindrical - tank, which incl udes 2. 16x 1030
370 target atons( matural abundance = 24.23%) . The 37A atons produced inthe detector
are extracted by helium gas bubbling operated every 3 non ths. After bubbling, the number of
3TN atoms ismeaswed by counting the Auger electronwith a proportional counter. In order
to elimmnate cosmc-ray muons whic h cause the serious background, the detector islocated at a
depth of 1480m wnderground( 4400m water equivalent ) inthe Fhnestak e Gold Mne at Lead,
South ik ota(U.S. A).

The expected rate is 9.3712 SNU  Solar Nutrino Git: 10736 captures/target atomfsec)
from SSM of BP95[9]. The contribution to the 9.3 SNU from individual neutrino sources is
sumarized inTable.2. 4. The Hnestak e experinent issemsitie to B and ®B solar neutrinos.

Nutrino source a G
(N (N
PP 0.00 69. 7
pep 0.22 3.0
B 1.24 37.7
8B 7.36 16.1
13N 0.11 3.8
150 0.37 6.3
Total 9.3 7 137%

Table 2.4: Individual neutrino source contributions to the calcul ated event rates in3’Q and
G experimnts[]. The error corresponds to 1 o.

The average flux neasured at the Fhnestak e experinent is
2.55 + 0.14( stat.) £ 0.14( gy & ) SNU . (2.9

This resul tissignificantlysmaller than SSM prediction( 9.3SNU ). Narely , the ratio, Dita/SSM
becones
0.273 £ 0.021 . (2.10)

Subsequen tly the Fonestak e experinent clained possibletine variationof the sol ar neutrino
flux as isshown in Fig. 2.5. Several pap ers pointed out that there migh t exist possible anti-
correl ationbetween sunsp ot numbers( solar cycle ) and the observed solar neutrino fhix at the
Hnestak e experinent. In Fg. 2.5, the tine variationof the sunsp ot numbers isalso overl ayed
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Figure 2.5: The time variationof the solar neutrino flux at the Honestak e experinent(data
points), together withthe tine variationof the sunsp ot numbers.

for conparison. If this anti-correl atiomctuallyexisted, it would inply new intrinsicproperties
of the neutrino, forexanple, a finitenass and/or alargenagnetic monen t,as the core region of
the Sun where the solar neutrinos are generated isthough t to be stable. Yet, as seen inkg. 2.5,
this possibleanti-correlatioma y not be recognized since 1989. The apparent tine variation
was alsostudied by Kamok ande-1T+41IT, and there was no such evidence. This will be described
inSubsection. 2. 2. 2.

2.2.2 Kamiokande II and III

The solar neutrino measurenen t by the Kamiok ande-I1 detector was started in January
1987 and ended in April 1990 for the detector upgrade to Kamok ande-III. Ater upgrading
the detector, the neasurenen t by Kamiok ande-11I started in December 1990 and finished in
February 1995. The Kamok ande detector isan imaging water Cerenkov comnter with 4500 tons
of water located about 1000m underground( 2700m water equivalent ) in the Mozum mine,
kamok a town, Gifuprefecture, Japan

The solar neutrino neasurenen t by Kamok ande-II+ IT isbased on neutrino-electronelastic
scattering(e + e — v, + e). The detector detects Cérenk ov light photors radiated from the
recoil electron and is sersitie to only ®B solar neutrinos. % described in Section. 2.4, one
big advantage of the detector isthat the directionof the incident newtrino can be neasured
Kamok ande-ITisthe first experinent which establishedan evidence for the detection of neutrinos
comng from the Sun.

The total effectiwe lie tine of kamok ande-IIHII is2079 days. The threshold energy is
9.3MV forthe first 449 days, 7.5MV for the next 594 days, and 7.0MV for the last 1036 days.
The 8B solar neutrino fix isneasured to be

2.80 & 0.19(stat ) £ 0.33(syst) x 10° (cm™?sec™")[6], (2.11)

11



which should be comparedwi th t he flux predi cteldy BP95[9];

+0.93

6 (ori—2c o]
6.62 113 X 10° (cm™“sec ). (2.12)
Thus,theratiof DATA/SSM is
0.423 £ 0.029 (stat.) + 0.050(y . ). (2.13)

InFig. 2. Ghetinevariatioof theobseredsol ameutrinfluxisshosn. Fromt hi dfigure,
no significarworrel atibatweent heneutri nflux and t hesuns wt numbers (al readghown in
Fig. 2. pwasseenwi t hi it heerromars.

RTINS

o
—+=

86 88 90 92 94 96

year

Figure2. 6: The tinevariatioaf thesolameutrindlux rati @t the Kani okande-II HII. The
dashedlinei sthe averageflux rati dortheentireti ne perids. The standardol amo del
enpl oyed i nt hefigurei sBP92[ § .

Further as descridsl inSection. 2.t4he Kami okande-I HII detectorgsanneasurearrial
tineof theinci dedmneutri nand recoidlectroemergyInFig. 2. And 2. 8,thesol ameutrino
flux duri ngt he daytine when t he Sun i sabove t he hori zomand t heni glitineand t heenergy
spectrumofrecoidl ectromgeshom, respctiely Difference nflux betweent hedayt i neand
theni gliti meas wel las di fferencenenergypect runbetweent hedat aand SSM predicti e
veryinportah toconfirmneutrinoscillationsisedby the MW effect whi ch isdescridad
inSection. 2. 3Y2t,i nKanmi okande-IHII,thesepossi bldi fferencewerenot obsered.

2.2.3 GALLEX and SA@

Bot hGALLEX and SAGE areradicheni calexperinenssinilatoHonestale anduse” Ga
astargetatons todetectsol ameutri nodyy neans of thefol M ngreaction:

Ve + TCa — e 4+ "G (2.14)

Threshol énergyofthiseactiois0. 233M V. Thus,t he”'Ga experi nensarecurrenl st heonl y
one whi ch i ssensi té vopp neutrinobavi ngan end poi 1t energyof 0. 42M V. The theoretical
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sanple isdivided into 5 subsanples as a function of directionwithrespect to the Sun where
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calcul ation of the pp neutrino flux isbelieed to be robust. Its variationtypicallylessthan, or
of the order of 2% among recent solar mo dels[8|[9[10[1].

The radioactive "'Ge atom decays into "Gy viaelectroncapture, the inverse of the reaction
inEq.2.14, witha half-lifef 11.43 days. To comt the number of "'G atoms, Auger electrons
and X-rays emtted inthe 'G electron capture are measwred. The energies of the Auger
electrons are 10.367keV( 41.5 % ), or 1.17keV with 9.2keV Xray( 5.3 % ), or 0.12keV with
10. 26keV Xray( 41.2 % ), inthe K-electroncapture no de, 1.2ke\{ 10.3 % ) inthe L-electron
capture no de, and 0.12keV 1.7 % ) inthe M-electroncapture m de, respectiely

The GNIEX  experinent startedin1991 and finished in1997. Itsdetector islocated at the
Gan Sasso Underground Tab oratory( 3300m water equivalent ) inTtaly Inthisexperinent, the
G target isused inthe form of concentrated galliumchloride ( GCl 3-HQ ) solutionwith a
wei ght of 100 tons, whic h includes 30.3 tons of gallium The “'G¢ atom produced by an incident
solar neutrino forms the volatilemolecule (A 4. A measwed anom t of inactive @ carrier
atong, vhich alsoform &d 4, isadded at the beginning of a run to provide a sufficient]l ylarge
sanple for extractionso that the effiiency can be determined experinentallyaftereach rum. At
the end of an exposwure, the (ed 4 isswept out of the solution by bubbling air or nitrogen gas
through the tank. The gas stream isthen passed through two gas scrubbers where the (ed 4
isabsorbed in water. The (d 4 isthen extracted imto (0 4, back-extracted into tritiumfree
water, and finally reduced to ~0.1to 1 cm? of the gas germane, GH 4, by neans of NaBH,. The
eH 4, together with xenon, isintroduced intoa small proportional counter, where the number of
IG ators isdetermned by observing their radioactive decay. The small proportional counter
issensitie to both of Kkp eak and I-peak electrons.

The SA&E experinent started in 1990, and itsdetector islocated 4715m water equival ent
underground at the Biksan Neutrino observatory in Russia. In this experinent, as the target,
30t( tillJuly 1991) or 60t( after July 1991 ) of gallium metal is used & G mnetal nelts
at 29.8'C permtting the liquid( which has a density of 6.0 g cm™3) to be mixed with dilute
hydro chloricacid. To reno ve gernaniumy  hydrogen peroxide isadded to the diluteacidand the
entiremss ismxed vigorouwsly. [p on mxing, the metallic galliumis dispersed inthe acid in
the formof small globules each coated with an oxide layer. The nass app ears as a black mud. If
the concentrationof Hl ischosen correctly a few mn utes of vigorous stirringcauses the oxide
coating of the globules of netal to dissolwe and a clean netallic layer to form with the acid on
top. The reactioniscarriedout ina Teflon vat provided with a nec hanical mxer. In the full
scaleexperinent, 10 identical reactor vesselswill containthe gallium The diluteacid from the
10 units will be combined and, after the solutionisconcentrated by evaporation, concen trated
acid will be added The germanium which isin the concentrated acid, can be remo ved by
purging with gas and collectedina water scrubber using a procedure simlar to that described
above for the GNIEX  experimnent. The germanium chloride collectedissubsequen tlyconverted
to germane by reduction with sodium borohydride. Since very large volunes of hydro chloric
acid are used inthis netho d, a procedure was developed to recover the hydrochloricacid and
reuse it. Ater extraction of "G, anmmun t of "'G isdetermined by counting. The proportional
comter wsed inthe SAGE experinent can neaswre only the Kp eak.

There are 3 main differences between these two "Gy experinents; (1) formof galliumtarget(
Ga 3-HI, or netal ), (2) mss of target, and (3) performance of the proportional counter. Ak
vantages of netal target are (1)lesssersitie to the background reaction caused by radioactive
inpurities and (2) a smaller volune which reduces sone other background because of itslarge
dersity, and provides a larger interactionrate ina laboratory calibrationexperinent ( for ex-
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ample, with °'Cr). The mai n di sadant ageof t henetal t argef st hatead tinet heger nani um
isseparateilti snecessaryoadd freslehem calreagefs. One mustthereforentrolstrictly
thegermani umi npuritiedhe greateconpl exit oftheinitiaktracti groceduremakesit
more di flicul todemonstrat ¢ hatt hechem calprocessi ngsf reeof unknown systematieffects.

The initiakpectedproducti omatei nthegalliumxperinensi sl37i’§ SNU fromSSM of
BP95[9]. The coutributiofiromi ndi vi dualeutrinsourcesresumarizedinTable. 2. 4As
seeni nt hi st abl eappr i matel 0 % aret hepp neutri noknt hegal li wexperi nen.

The neasuredsol ameutrinflux by each experimethis

GALLEX[1} : 69.7 +6.7(stat.) J_rig (94 )SNU, (2.15)
SAGE[1G : 69 +10(¢d. ) J_r57 () SNU. (2.16)
The ratiof datatoSSM prediction(BP9})Ds
GALLEX : 0509 + 0.049(¢d. ) i%g;g () (2.17)
SAGE : 0504+ 0.073@d. ) J_“%ggf () (2.18)

Bothresul taresignificahysmal 1l et hant heexpectedval uef ronSSM The defici fi nt hesol ar
neutrinflux i sal saconfirnedi npp neutrinos.

The tinevariationfthesol ameutrinflux neasuredby GALLEX and SAGE isshowmn in
Fig.2.14nd 2. 9. Bothresul thave veryl argestatisti eakorsBy thestatisti amhl ysisf
timevariatiohowever, GALLEX cane toa conclusiowhattherewereobsered no evidence
forany statisticadilgni ficart i nedependenceoft heobsered "'Ge productiomate[ 15

2.3 Possible solutions to the solar reutrino problem

Possibleol utionsothesol ameutrinprobl en{sol arrutrindeficithreclassi fiddto 2
categoriefne isanastrophsicadol uticand theotherisrel atetlot hei irinsiproperti esf
neutrinoesmwciallpeutrinoscill atiohsthi ssectiorhothofthesesol utiomsreexpl ai ned
indetail.

2.3.1 Astrophysical sdutims

One ofthenethods tosol @thedefici i nt heobseredsol ameutri nflux i st heno di fication
of SSM As descridil inSection. 2.tlhe ®B sol ameutrindlux i sverysensitétotheinput
paraneter ®f SSM thetenperaturefthesol acoreand S-factorskspeciall §i7 isdirectly
proprtionaiothe®B sol ameutrinflux. Changingthisparanetersone othersol amo dels
canbe constructednd theresul t ssunmarizedi nTable. 2. 5.

DS94[ 13 predi ctshe l avest®B sol ameut ri ndlux which isconsistéemiththeresul bf
Kani olande- I HII resul t4. 804 0. 19+0. 33(x10°) [ cma?sec!] ) .Itis however,stililnconsis-
ter wi t hthe Honestale resul tZ. 554+ 0. 14+ 0. 14SNU)

Then, recenl y N Hata and P. Langaker [ 18conparedtheresul téromt he sol ameutrino
experinenswi t hseeraln di fiedSSMs. The resul6fthei conparisonsshom inFig. 2. 11Ln
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Figure 2.9: Solar neutriro fluix measwed by GALIEX from 1991 to 1995[15 |. The entire data-

taking period isdivided into 3 periods called GIIEX  I( labels 1~15 ), II( labels 16 ~39 ), and
III( labels 40~53 ). Smll filledcircle corresp onds to each run and larger filled circle with open
ore stands for the average flix for each period The label “combired” indicates the global mean

vale for the entire exp erimen tal period Hror bars are t1o, statistical only.
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Hegwe 2.10: Solar reutriro fix inwit of SNU maswed by SAGE from 1990 to 1995[16 |
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Model | S17(0) (eV -b)

expected for 3Cl [SNU]

8B neutrim fluxx [em 2?s—1]

92[8 ] 2.4 8.0+3.0 5.69(1+0.43) x10°
TLY3[12] 2.3 6.4-1.4 (4. 441.1) x106
D13 ] 17 4.240.5 (2.7740.35) x10°
HY[9 | 2.4 9.372 (6.62775)x 106

Table 2.5: Sfactors emlo yed by different SSM  and the resutan t solar reutrimo  fhxes
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this comparism, tley dlowed tle “Be flux to be ngaiv e Tl mesdt idies tht w m dfied
SM is asisten t wth tle ep ain td mwlts T ep aien td mwsits  sypes te "I
i flx ewsiv dy. Tadag it is dffialt to epgan tle sda mmim  pdlem by
uatan  ties in M

2.3.2 Neutrino Oscillatias

In tle sipest fam o tle stadhd  datio wek m &, i ae asual to be prdy
mees prtides dile  tlee  is o wdbdyig hywad resm  fa ths  assugion In ths
satim  tle fhva odlldias  d msiv e mbins inmte & wdl & in vaum ae dsaib e«
Te dtdls ae dsaib o fa eage  in Ref]l].

Vacuum Oscill ati ons

In gred, mtim fhva dgstaes Ve, vy all vy ae wt mwesaily the sam & te ms
agrstates, vy, ro ad v3. If thy ae dffeen t, tle mtrio  fh va dgstaes ae dsaib al
by sp ap aitiom o dften t miim @S dgstaes Hee to sigify tle pdlen the
dsasicn @b at the nwig is wstided  to tle two fh va nxpg e

Te mxuwe d tle ms  dgrstdes is epesed by

Ve \ @ 0 snf v\ 121
()= (% 29)(5)=v () e

vee fistle nxg age invaum ad v ad 1 ae tle ms  dgstaes d tle mtrims,
wh ams o mjad mo, ep ediv dy. Te tim evddim o vy ad 1o bes tle $ h'odmpr

aquim
d () _ [ E1 0 v1(t)
w0 )= (5 2) () e

e FEjistle aagy o v (=1 2. T sdiim o ths eqatim  is

vi(t) \ [ e tBt 0 v1(0
(46)= (70 ) (20 -

ve(t) | _ et bt 0 _1{ ve(0
(vu(t) ) ‘U< o e )Y o ) 22
Te ms d ec hmtimo isasual  to besdl el wth F;,ad F; e be gpo xraed
by

m2

E;, = p2+m§gE+ﬁ (i=1,2) 22)

Ve pistle mtim mem tm ad p= F. Tn Eq22 baos

vet) \ [ & A%+ 20sin A1 —isin 20sin 2722 ¢ ve(0)
—isin 26 sin A4—”b12t (e A4—"E12t—i(m 20 sin A4—”b12t ’



where Am? = m2 — m?(vhen mo > myq). If an electron neutrino is produced at ¢ = 0, the

probability of detecting this neutrino inthe same flavor state at ¢ = ¢ can be witten by

P(ve — 1,) =1—sirt20sir? Z—L (2.25)

v

vhere L isthe neutrino propagation length at t = ¢, L, isthe oscillationlength in vacuum

defined by
ATE E eV?
Ly =152 =28 (mv) <W> EX (2.26)

A number of experinents to search for the neutrino oscillatiorhave been carried out using
reactors and accelerators. An experinent usually ains at being sensitie to as small a Am? as
possible. Since Am? app ears inthe oscillatiorphase ina formof Am?. L /E, the best one can
do isto wse lower energy neutrinos whic h travel a longer distance. A typical sensitiviy to Am
attainable with artificial neutrino source isdown to ~ 1072 eVZ2.

% seeninEq.2. 26, neutrino oscillationcan be probed by neans of the solar neutrinos down
to Am? ~ 10719 ~ 10~ eV?, vwhere the vacuum oscillatiodength isequivalent to the distance
between the Sn and the Earth( 1.5x108km ).

Neutrino Oscillatias in mate ( MSW dfet )

When a neutrino propagates inmnatter, itgenerally feelspotentialenergy caused by irterac-
tionwth matter. Epeciallywhen both electronand muon neutrinos are considered, only elec-
tron neutrinos undergo an additional potentialby the charged current interactionwth electrons
inmtter ( see Fig.2.12). This effect was first proposed by S.P. Mkhey ev and A Yu Smrno v

Ve e V. \V2

(8 charged current (b) neutra current
Figue 2.12: Feynman diagram of the reactionv, +e~ — e~ + 1e. (a) charged current and (b)

neutral current. reaction (b) isforgiven for each flavor of neutrino, while reaction (a) isonly
forgiven for el ectron neutrinos.

based on the theory advocated by L. Wolfenstein abbreviated as the W eflect[19][2(.
In matter, tine evolution of the flavor eigenstates iswitten as

d v\ B 0 _ V., 0 ve(t)
()= 1o (8 2 )v (V) (). e
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where V, is an additional potential energy:
V. = V2GpN,, (2.28)

vhere Gp isthe Fermi coupling constant, and N, isthe electron number density. Omnitting
coomon  phases, Eq.2.27reduces to

(v ) _ [ —AReos204+ % Apsingg ve(t)
dt \ vu(t) A4—"b12 sin26 ﬁ—’gz cos 26 — % vu(t)
T [ —cos20+ % sin20 Ve(t)
T L, < sin26 cos 20 — % ) ( v,(t) |’ (2.29)

vwhere L. isthe neutrino-electron ineractionlength:

V2r _27T
GFNe B ‘/e'

L, (2.30)
Assuning a corstant electron dersity, the nmixing matrix inmnatter which isanalogows to the
vacuum oscillatiomase can be expressed by:

vi* \ _ [ cosB, —sinb, Ve
(1/5">_<sin9m cos O, ) (UM>7 (2.31)

vhere " (i =1,2) isthe effective mss eigenstate, and 6, isthe mxing angle inmtter which

isdefined to be: )
sin26

tan260,, = ———,
T cos 20 — ’i—:

(2.32)
vhen mo > mj. The mxing angle in matter becones maxinal at cos26 = % and 1is often
referredto as the “resonant condition” . The resomant condition can be written in another way
by the electrondensity:

Am? cos 26
2V2GrE
If the variationintine of the electrondensity isrelatielysmall, an adiabatic solutionisvalid
Nanely , the solutionisobtained sinply by relaxingthe assunption of the constant sol ar densi ty.
Neutrinos produced inthe core regionof the Sun fly toward the surface (of the Sun). They al ways
pass the resonance region. iftheirenergy(F) exceeds a criticalval ve( Egpi¢ ) given by

(2.33)

e,res —

2
Ecrit = 6.6 cos 260 (%) MeV, (2.34)
vwhere the flavor eigenstate v, isessentiallythe heavier mss eigenstate vy. Ater passing through
the resonance region, v5 isalnest the sane as v, hence, the produced neutrino isobserved as
v,.This isthe case ifthe change of the electron density isslow enough around the resonance
to keep the mass eigenstate adiabatically( N%dge << ’i—Zcos 20 ). This eflect isillustratedin
Fg. 2.13.

In a region where the electron density variationistoo rapid around the resonance to keep
the mss eigenstate( N%dgﬂ >> ’z—:cos 20 ), however, the adiabatic solutionisno longer ap-
propriate. Practically gy 2.29 isnunerically solved by a computer. The survival probabili ty,
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m2
Ve V2
Vu Vi Vu V2
Ve V1
0 1 R/Rsun
Electron Density Ne res

Figure 2.13: The MSW effect( adiabaticchange) inthe Sim. Wile neutrino propagates inthe
S, the electrondemsity( N, ) decreases and the resonance condition issatisfied ( Ne=N res
). Under this condition, the flavor conversionoccurs. The verticalaxisisthe effective mass of
neutrinos inthe Sun. The horizontal axis isthe distance from the center of the Sin inwmit of
the solar radi us.

for electron neutrinos which are created at a density larger than that inthe resonant regionis
solwed as

1 1
Pve = ve) = 3 + (5 — Pjump> cos 26, cos 20 (2.35)

The probability of the levwel junping, Pjyy , isobtained by using an appro ximation developed
by L.D.Iandau[22 |, and C.Zener[23,invhich the electrondensity varieslinearlyin the region
near the resonance. Uhder thiscondition, Pjy, is

—mAm?sirf 26 N,
P; = N, N, 2. 36
Junp exp l 4ECOS 20 <|dNe/dT|)res] 9 e > e, res ( )

If the follming condition issatisfied, the junp does not occur.

2 .
< Am s111220< N, ) (2.37)
res

cos 20 |dN /dr|

An exanple of the NSW effct inthe Sm at sirf20 = 1.0 x 1072 and <2 = 6.0 x 10°
MV/eV 2 isshown inFig 2 14.

Furthernore, when solar neutrinos are detected at the Earth, the MW eflect inthe Farth
must be considered The electron density profile inthe Farth[21] isshown inHg 2.15. The
electron density profie inthe Farth isnot as smo oth as that inthe Sun. Hence, P(ve, — v,)
depends on neutrino path. InHg. 2. 16, P(v. — 1) at Sup er-Kamok ande with matter oscillation
at sir* 20 = 0.1 and with cosdsy, = 0.5, 1.0 or with no MW effect inthe Farth are shown
Fere, the definition of cos dgy, isshown inKg 2.17. Hnce, by imvestigatingthe difference in
the solar neutrino flix between the daytine and the nighttine, one can probe the NBW effect
independen t of SSM.
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Figure 2.14: P(ve — v,) in the Sm at sin?20 = 1.0x 10 3 ad 2, =6.0x 10° MeV/eV 2. Tle
lorizan td axis is tle sda radws  ( R/Rsun ), ad tle veticd ais is tle sumiv d prbdilit y o
detran  ratrins.
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Figure 2.16: P(v. — v,) at Super-Kami cknde wi t hnatteroscill aticat sifi20 = 0.1 with
c0S0sun = 0. 5(dashed)l, 0(dottedpd no MSW effecti nt he Eartheffect (solid).
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Figure2. 17:Defini tioaf dgyn. dsun i stherel atewangl ebetweenthedirecti dwot he Sun and
thez- axi of thedetector.
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2.3.3 Allowed regicm o the MSW dfect

Combinirg the avdldle sda mutrimo daa fron Haetk e Kaick akl 4111, GALIEX,
al SAG tle MSV dfects s ben stde]l8 |. A do wn in Fig2.18 tlee exist 2 dlo wel
rgas @ tle (sin220, Am?) plae  Tle g wic hsits aomd  Am? =~ 10 PeV? ad sin?20 ~

10° ‘ : :
|| combined 95%C.L. J
10-4, e -
c10°f
3
E
<
10°
+|= = Gacombined
107f -
— Kamiokande N N ;
=..=. Kamiokande \\ 1
_8 day/night & Spectrum ~ .
1075 s - -
10" 10° 10° 10" 0

sn’20

Hgre 218 Ao wad rgn & 95% (L. a tle (n220,Am?) pae Te MV dft istk e
into aan  t. @n batiom o tle amen t da mbim  ep @i ts leaves jwt two hic led
A,

0.6 is cdled tle lagage ditim  dme dl tle da mbins ae uifarly supessed in
dl the ey rgm T rmgm ic hsits aomd  Am? 10 e P ad sin?20~0.00 is cllad
tle mmadastic ditim  vee lowe any refins ae pdaen tidly an veted

2.4  Solar neutrino interaction in water
Te Sp e-lgik ad  dtate  dtats @uk  ov poos  aittel by amdl dettn  sat
taed vith a ®B sda 1metim
Taefae, the rasram t & ®B sda 1ehins a Sp elaik att is bead o tle
datic satairy o amiim  wth an abitd dettm in water
v+e—v+te. (238
Te ass satim o mtriwdetim datic satairg  is gven by

Mel,
E7

do G%me T, .
99 _ Ao+ Bo(l — =42 4 C
a7 o 0+ Bo( Eu) + (o

[24] 23)

wee  Tpistle kmwtic ewgy d tle wadl datrm  FE, istle imidn tmtim eagy , Gp(Fam
opig  @stn t) = 1160 x10 P@ "2 ad meistle detm st ms ome = 0.5V /c2



Numerical val ue of the constant outsi dethe square bracket inEq.2. 39is

GZm,
2

=431x10% (cm?/MeV) (2. 40)

Paraneters Ag, By, and Cj are defined by

Ao = (gv +94)* Bo = (9v — 9a)*, Co = (g7 — 97") (2.41)
1 1

gy = 28i1¥9w+§, gA=+§ for v (2.42)
) 1 1

gy = 2311%914/—5, 94 =—35 forv,, v [24] (2.43)

where Oy isthe Weitberg angle = 0.2317[ 2. Then, the total crosssectionis obtained by
itegrating he differemiialcrosssection(see Ey. (2.39)) from0 to Traz,

Tmaz: do’
Ototal = /0 —dL (2.44)

d’l
By-E, T, C T?
lAOme + 03 {1 - (1_ ;am )3} + 70% EI] ) (2' 45)

vwhere Ty, 1sthe naxi mum val ue of the el ectrorki neti @nergy gi wen by a ki nenaticallim tas
follws,

GZm,

™

E,

1—|—2"}5V

Tml:r =

(2. 46)

Subsequently the radi atier correctionsire taken ito account|[ 26 . The Feynnan diagrans for
t he one-1 op el ectrweak( seeFig. 2. 19,and QCD( seeFig. 2. 2() correctionsgespectiely After

\ e

e

Ve

Figure 2. 19: Feynnan diagrans of one-l@p el ectrweak radi atie corrections
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Figure 2.20: Feynman di agramof one-loop QCD radi ati® corrections

theseradi atie correctionsthe v, +e~ — v, + e~ scatteringrosssectiomlecreasesby 2%. The
shape of the recoilklectrompectrumproduced by B sol arneut ri noschanges and isreduced by
approxi natel y4 % at the hi ghestel ectromenergies.In the caseof v, + e~ — 1, + e~ scattering,
only the neutral-currenradi atier correctionstaken ito considerations.The resultah total
neutrinocrosssectionsare shown inkg. 2. 21.

10° cm?

10 ?

Figure2. 21: Totalcrosssectionforv—e scatteringsThe horizortal axisistheincidehneutrino
energyinunit of MeV and the verticahxisistotalcrosssection nunit of 107#6cm?. The solid
linecorrespnds tov, —e crosssectionwhilethe dashed linecorrespnds tov, —e crosssection.

The energyof arecoiklectromeflectst he energyof i tsi nci det neutrino. Therefore,one can
neasure indirectl yhe energy distributioaf i nci deh neutrinosby neans of the recoilelectron
energy spectrum The energyspectrumof the recoilel ectrond sgien by

do

——dE, | dT., 2.4
iy (2.47)

F(T.)dT, = l /0 Frama &(E,)
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shown in Fi g.2. 22yhere ¢(E,) isthe B solarneutrinepectrumand E, ey i stheend poi i
energyof theneutrinos.

10

10°

Arbitrary unit

102

10 £

Fi gur@. 22:Energyspect rumft herecoidl ect roms oducedby ® B sol aneutri nosi t hel ectron
energiegreatethand MeV. The hori zonhalaxi si st het ot aknergyftherecoidl ectromuni t
of MV, and theverticalxisisanarbitrargnit.

The angl ebetweenthedirectiaf therecoi¢l ectroand thatof t heinci denneutrings
gien by

14+ 5=
cosﬁziz" (2.48)
Me
1+ 7=
The ki nenaticalin ofthescatteri nggleis:
2
92 < e (B, — o) (2. 49)

e

The angul arresol utiomgwever,islim tedy mul ti pl€oul omb scattering§therecoidlec-

tronsi nwater .By neans ofthestrongorrel atibatweenthereconstructdidrecti afrecoil

electroand thesoladdirectioane canseparatel ectroms sol aw ori gi firombackgr ound.
Then, t heuni queadvant agesof Super- Kani oknde aresummari zedas f ol v

1. one cangetexactarrial tineinformatioof t hei nci demneutri no
2. therecoidlectropreseres thedirectiaf t heinci detnmeut ri no

3. theenergydistributiofit herecoidl ectroneflectsheenergyspectrunoftheinci den
neutrinos.

Hence,one canneasurenot onl yflux but al socot heri nportah experi nemnali nf or nati omhe
energyspectrunand ti medependenceof t he®B sol ameut ri nflux.
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Chapter 3

Super-Kamiokande Detector

Super-Kamiokande detectorisan i magi ng wat er Cerenkov detector whi ch detectsCerenckov
li gt photons emttedby a charged particle.

The detectorconsistsof a cylindricabtainlessteeltank, about 50,000t of pure water,
water and air purificatiomsystens, 11,146 20-inh(50.8-cn)-in- di aneterPMTs ! and 1,885 8-
ind(20.32-cn)-in-dianeterPVMIs, and electronicsystem Schenatic viewof the detectoris
shown inFig.3. 1.

LINAC room R & \
o B 20" PMTs to ENTRANCE
i ' %@ﬁj control room -

/
to KAMIOKANDE

electronics hut

SUPERKAMIOKANDE  insriture For cosmic Ra¥ RESEARCH UNIVERSITY OF TOKYO L

Figure 3. 1: Overvi ewof Sup er- Kam okande detector

The detectorislaated 36°25'N(25°8'N) inlatitude,and 137°18'E in longi tude,about
1,000m underground (2,700m water equivalert) in M. Tkenoyama inKamok a town, Gifu

'PhotoMultipl i eTube
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prefecture, Japan. The detector is constructed underground so as to reduce cosmic-ray muon

by a factor of 10°.
In this chapter, the detection principle of the Super- Kamok ande detector and the detector

conp onents are described indetail.

3.1 Detection princi ple of sol ar neutri nos at Sup er-Kami okande

The Sup er-Kamok ande detector detects Cerenkov ligh photons generated by a recoil el ec-
tron scattered by a 8B solar neutrino.

When a charged particletraversesina nedium having index of refractionn, witha velocity
v larger than the ligh velocity inmatter; ¢ = ¢/n, Cerenk ov light isemtted Cerenk ov photons
are enmtted ina cone of half opening angle 0 neasured from the directionof the particletrack,
vhere

1

COSQ:n_ﬁ’ (ﬁzc) (3.1)

In the relativisti¢int,v = ¢, @ becones 42° inwater ( n = 1.334 at 546. Inm ).
The spectrum of (érenk ov ligh (see Fig.3.2)as a function of wavelength iscal cul ated,

d’N 1 1

vhere A isthe wavelength, z isthe distance of the electrontraversed and « isthe fine structure
constant. Integrating this equation over the visiblewavelength, an electron typically emts
appro xi mately 340 photons/cm

| =

s

Relative Cerenkov Spetrum through Pure Water (%)
Quantum Efficiency (96)

Waveienghth  (nm)

Hgwe 3.2: Relatie Crenk ov ligh spectrum and spectral dep endence of quan tum efficiency of
the inner-detector PM'T
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3.2 Water Tank

The cylindrial wae tak of Supe-Kanik a isfilled wth @b at 50,00k o pre wae.
Te size is 3,9dm  in dade ad 4,14m inldgh t Te tak ispaed inaexa vided @ty
intle rock add is sgaated  fran tle ock layer by stades sted paes, emgp  fa tle tp prt
d the tak Ontle tp o tle tak thee ae 5 hits fa tle datrais  sgtem (s Fig33)

E 7777777 @ -]

Super-Kamiokande detector

4
4

control-rool

Fare 33 FElatmic his o tle tak
Te tak is didd into 3 mts Ine  dteta( — dbedaed s ID), Qe data( b
beided & O ) ad pdoisastiv e vdugse Fg34. T ime deata  is 1,69m  in

Super-K amiokande detector
Outer Detector(OD)

- rock
PM T\

TEREERRERREE

Inner Detector(ID)

777 Photo-insensitive volume

Hgre 34 S ledtic ~ew d Sp eldik ad tak

rads  ad 3,0m in ldgh t Te iner dtetaxr is flled Wth 2,0D ¢t f wae. THe kes o
tle ater dteta is Wm  intlke bod sdim ad Z5m in tke tp ad bdtan stias.

He kes o tle pdoimasitiv evdum isFm intle lamd rgay ad 4Hm intle tp ad
bdtam 1gas. T inwr deta ad tle pocisasitiv evdua ae gicly isdaed by
pastic Hac k slets T ate  dtedar  is ovaed wth rflativ e tyw ek sheets, ity
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which i sroughly 80%, to optical lisol atfeomt heot herpartsand tocoll ects many phot ons
as possibleThe main reasonswhy the detectorsdividedretoidemifyevents which are
causedby chargedparticl esnm ngfromoutsidefthedetector (fexanpl ecosmni c-rp muon
event ), and t o provi dea passievshiel dgainsty- rgs and neutrond romt herock surroundi ng
thedetectorThereforetheouterdetectonsual l yergsas a vetocourter.

Allof the PMTs arenountedint hephoto-insensietvol une (sedig. 3. Ynstainlesseel
frames.A stainlesseefranetosupporttwel e i nner-detectlYls and two outer-detector

photo-insensitive

region
Inner detector Outer detector

A

><\8—i nch-in-diameter

PMT

.
i )

20-inch-in-diameter stainless steel frame
PMT le—— black sheet —

Figure3. 5:PMI5 arenounting nt hephoto-insensietvol une onstainlesseefranes.

PMIs constitubae Super- Mdul e(sedi g. 3. 6JThe Super- Mdul esaresubsequenl yinstalled
onthedetectowall A totabf 11,146 20-ink(50. 8-cm)-in-di ane®MIs aremountedon the
innerdetector®,650, 1,748 and 1,748 PMIs arealloatedinthe barreltopand bottom
sectiongespctialy Two PMIs arearrangedeveryl m?, and theresul t amphotosensi€iv
coverageanounts to40% of the totalsurfacef theinnerdetector Alsoa totalof 1,885 8-
inh(20.32-cm-in-di andiMis areinstalléedtheouterdetectort,275,302and 308 PMIs
arealloatedinthe barreltopand bottomsectiongespctialy Around each outerPM,
attahedisa wavel engt hhiftepl ate oi ncreasehephoto- ceerage (selig. 3.7.)

3.3 Water system

3.3.1 Water purificationsystem

In orderto collecphotonsas effici el yas possi bl é.he detectomwat ermust be kept as
transpardms possi bl élhe vertexpositiodependenceof energyi nan event shoul dbe ni ni -
m ze. Furthernmoreradi oacté el enenisdi ssobdint hewateri nt het ankshoul dve renoved,
as theyareserioubackgroundsourcesngainst hesol ameutrineignal Especiall § decays
of 2'4Bi fron?®?Rn i nt he wat erwi t han end poi 1t energyof 3. 26M Varetroubl esoneas t he
fini teenergyresol uti ofit hedetectosnearst hemup totheanal ysishreshol d.

Inthe Kani oka ni ne, naturalcl eamnder groundwateri savail ablforfree.The natural
waterisfurthepurifiedbefore tissuppliednothetank. The waterpurificatiogystem
consistef thefol Mng7 elenetisasshomm inFig. 3.8
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black sheet

Barrel module

Bottom module

Figure 3.6: Super-Malule

tyvek
sheet

photo-insensitive volume wavelength shifter

Figured. 7:Outer- detect ®MVI' and wavel engt khi fter
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Figure 3.8: Water purificationsystem

1. 1pm Hlter

2. Heat exchanger

The water tenp erature constantly rises because of the heat generated from the water
pumps and PMTs. To keep the water tenp erature lessthan 14°C that suppresses the
proliferationof bacteria, the heat exchanger isneeded.

3. Ion exchanger

To reno ve various netal ions inthe water.
4. Ultra-Violetsterilizer

5. Vacuum degasi fier

To reno ve gases inthe water. It can reno ve about 99% of oxygen gas and 96% of radon
gas contained inthe freshwater.

6. Girtridge polisher
This isa high performance ion exchanger.

7. sub- pm Utra filter
To reno ve sub-mcron dusts. Afterthis filter, the ohnic resistance of the water is 18.20
Mlcm which isconparable toitschemical limit of 18.24 Mrm

Going through these elenen ts, the water isreturned to the tank. % shown inHg. 3.8, the water
iswually circulated through the purification system and the flow rate isabout 50 tons/hour.
This system keeps the water transparency at about 70m
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3.3.2 Radon free air

As radon gas is suspected to sneak i to the watertank due to the i ncompleteairti ginessof
the top part of the detector,we punp up radon freeairinthe enpt y spaceinthe watertank to
pressurizét.Radon freeairsystemisshown inFig.3.9The systemisnade up of the fol lwing
conp onents:

Air filter Buffer Charcoal  heat Air filter Air filter
compressor (0.3um) Tank Air Drier column exchanger  (0.1um) (0.0um)

Super-Kamiokande Radon-free-air system

Figure 3. 9: Radon freeairsystem

1. Conpressor

Freshairisconpressed to 7.0 ~ 8.5 atm
2. 0. 3um airfil ter
3. Buffer tank
4. Air drier

To renvve the water contai nedin the gas, as radon gas inthe wet airisnot renoved
efficiemil y This can renove (0 o inthe gas, too.

5. Charcoal col um

To reno ve radon gas.
6. 0. lum and 0. Olym airfil ters

Wi ththissystem the radon concentrationinthe airisreduced by a factorof 10°.

The Rn concentratiomn nthe Super-Kam okande water went down graduallysincethe start
of the experinent. After about 100 days, i thecane about 5nBq/m 2 which isat 1/1000 leelin
Kam ok ande-1III, and now itisstable.

3.4 Inner Detector (ID)

3.4.1 PMT inthe i nner detector

A explainedinSection. 3. 2thereare 11,146 20-1inh(50. 8- cnj-in-di aneterPMTS noun ted
on the surfaceof the i nner detector. The PVMI' isan inproved-wersionof the PMI[' enployed
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Figure 3.10: Inner detect or20-i nd- i n- di ametBMT

inKani okande[27. Ttisspeciall devel opd for Super- Kani ohnde by Hamanatsu Photoni cs
Co. Ltd. The structuref the PMI' isshown inFig.3.10The photo-catlde isnade of
bialdli (Sb- K Csjetal . This materialissensitéto the wavel engtlspectrumof Cerenlov
lighphotons(seeFig. 3. 2)The quant umeffici ency(Q. H.9al scshown inFig. 3. 8nd reades
22% at A=390nm whi ch i sa typi calwavel engt bf Cerenlov 11 ghphotons.

The PMI' enpl agys Veneti an- bl idiylnodes ,because heyhave t headvant ageof1 ar gephot o-
sensitéarea. However,thistype hasa smallerollectieffci encyd0 ~50% ) forsecondary
electromonparedwi t hot hertypes,and t hi smakestheenergyand tiningresol uti omorse.
Thereforethefirst3 dynode stageon whi ch thecollectiefiti encynainl ydependsareopti-
m zed by neans of siml atiofiorel ectrotr gector,yi nwhi ch l engtland sl ahangl eof bl i nds,
di stancbetweenead stagerel atewpositioaf blindand vol t ageli vi si caret unedparane-
ters.As a resul 6f siml atiomhe number of staged ssettletlo 11 and thedi vi di ngati @f
hi ghvol tagéssettleth8:3:3:1:....... :1 (sedfig. 3. 11 Aftert heoptinizationheaverage
collectieffti encyforthenew PMI' exceeds70% Singl @hot@lectron(p. eligtributioh
the PMI' isshown inFig.3.120ne p. e.peakisclearlyeparatedromthenoise.Single.e.
chargeand tini ngresol utioaseinportah forthesol ameutrinanal ysiss al nostal It he
PMIs couit onl yone phot el ectromma |l o= energy(~10MV) event.

Another i nportan featuref the PMI' isitswater-pwod structure,incethe PMIs are
setdeepinwaterand have totol erataes much pressuras 5 atm The water-poodstructure
passedthe testingnder 6 atm There has beenno PMI' brolen due to waterleakge in
Super - Kani oknde,i ndeed.

The averagedarknoiseatei nthePMI' isabout 4 kHz at t hebegi nni ngftheexperi nen
decreaseso3. 1kHz and stabl mow( seeFig. 3. 1B.

InadditiomincehelargePMIs aresensitétoa smallmagneticfiel d,t hegeonagnetic
fiel d@450nG ) shoul dbereducedInordertocancebutthegeonagneti fiel dwe useHel nhol t z
coilg Fig.3. 1) which reducet he geonagnetidiel dtolesghan100 nG ineverypositioaf
thewatert ank.
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1 p.e. distribution

Figure 3. 12: 1 photoelectron(p. e. flistributioaf ID PVML
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Figure 3.13: Timevariati omf dark noiserateof ID PMTs. The horizortal axisisthe el apsed
day from Aprill, 1996 and the verticalaxisisthe dark noiserateinunit of kHz. At the
begi nni ngof t he experinent, the dark noiseratewas about 4kH.. But itgraduallydecreasesto
about 3 kHz and itisstable.

cail current (A)
A 3135
B 3135
C 3135
D 28.20
E 30.10
F 28.60
G 30.10

Figure 3. 14: el nhol tz coilsto cancel out the geonagnetic field
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3.4.2 FElectronis systam fa iner ddeta

The schematic vi ewof the electroni csystemenpl oyed i nthe i nnerdetectoonf Super-
Kani olande i sshown i nFig.3. 15.The electroniggsteni sconposedof frot-endelectronics,

off-line

Data flow system
signal
PMT Front-end electronics online host
Trigger work station
for trigger
HV supply
HV work station
for slow control

Figured. 15:The electronispstennf Innerdetector

triggesystenand hi gh-oltageystemInthi sectiomnheseconponertsareexpl ai nedne by
one.

Front-end elect ronics

The froh-endelectronicktheinnerdetectoenpl gys 2 types of st andardone i sTK O?
and t heot heri sVME. The scenaticvi ewofthefron-endlectroniicsshomm inFig. 3. 16.

The froh- encinal ogl ectroniadopt ed nSuper- Kani okndei snaned ATM 3 whi chrecord
bot hchargeand tim ngi nf ormatiowf each hi tPMIL A signaFroma hi tPMI' isfeditoan
ATM no dul ewhi ch di gi tizesnal ogchar gei nformatiocand rel atewi ne betweent he photon
arrial tineand thegl obakri ggetri negeneratethy thetri ggesystem

Fach ATM no dul ehas 121 nput sand 20 ATM no dul esarenom nal 1 arranged neach TK O
cratelInSuper-Kani oknde,a totalf 934 of ATM no dul esareused: theyaredi stributéd
48 TKO crates For readout gach TKO cratehas one i terfacao dul e “SCH*”, one trigger
signalistributimmdul e“GONG®” and one sunmi ng circui fDatareceiedina TKO crate
whi ch corresqnds t oappr«i matel 240 channel ssresert vi aSCH toSMP 6 whi ch i splaced n
a VME crateOne SMP has 6 dat abuffersand dat ai nSMP arereadout by an onl i neonputer
viaSBus- VME iterface.

Inthe ATM thesignalfromPMI' isspliinotwo. One isfedimoan anplifierwitha
gainof 100, thendiscrimni natedhen itgoes over a threshol #al ueof about 0. 32p. e Each
outputsignalfroma discrimn natossumed by the no dul e(12channels).The signahfter
thesummtionisthenser tothetriggeel ectronifera HL'TSUM inputwi t ha wi dt hof 200
nsecand a vol tagef-15mV. And a rectangul guul seof whi ch wi dt hi s900 nsecisgenerated
asa HI T signalsimltaneousl§This HIT signal nitiatesargi ngf TAC” and t he chargi ng

2TRISTAN/KEK Online

3Anal ogli mi n¥odul eby the TKO st andard
‘SuprCont r olle ader

*GO/ No Go

5SuprMemor yPar t ner

"ti méoanal cgwerter
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. SMP
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.
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o PSS e |
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N . X20 °
X 240 . .
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.
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.
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.
.
. * 9_
. . n
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. 4
. —
M * 9
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. 9 online CPU
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.
e P H SUN classic
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.
. - SMP
. —_— SMP
[ ] SMP Super Memory Partner interface
VME
VME interrupt reg.
20-inch PMT TRG
SCH T
—=| ATM TRIGGER
e 20 TRIGGER
. X
X 240 e HIT INFORMATION PROCESSOR
—=_ ATM
GONG Analog Timing Module
TKO
(PMTXllZOO)( ATM x~1000) ( SMP x 48 ) ( online CPU(slave) x 9 )

Figure 3.16: The block diagram of ID front-end electronics
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ends when the global trigger signal arrives. The other splitsignal from PMT isfedinto QAC?
and the HIT signal initiatesthe charge imtegration of Q\ C with its gate width of 400msec.
If the global trigger does mot arrive, the TAGJQA C are reset 1.3usec after the discrmnator’s
hit. If the global trigger arrives, ADC ? start digitizingthe voltages stored inthe TAC/Q\ C
capacitors. The ADC outputs are storedina 1023-word FIFO! nenory tagged with the event
ID'"" number. In addition, each TAGJQ\ C has a double buffer. This mak es the DAQ'2 system
essentiall ydead-tine free.

Pedestal change affects the energy scaleof loxenergy events, so pedestal must be neasured
periadical lyinthe data taking. In Super-Kaniokande, a pedestal run istaken every 30 min utes
and it takes one minute for each 11146 channel check. Furthermore, to reduce dead tine for
possiblesupernova searches, the pedestal data istaken fora 1/8 part of allthe ATM at a tine
whic h are controlledby 1 DAQ online nac hine( described inSection. 3.6).

Trigger system

The HTSUM signal nen tioned above issumed up by using a suming anplifier ineach
TK O crate; afterthe suiming, 1 hit signal isequivalent toabout -10nV. Then, allthe HTSUM
signals are sumed again and forms a global trigger signal if the sumed signal exceeds a
threshold value of -340nV corresponding to about 34 hits(5 ~ 6 MV for an electron). In
Sup er-Kanmiok ande, the trigger rate isabout 10 H( see Fg.3.17 ) among which 2.2H cones
from cosmic-ray muons.

The global trigger signal isfedinto a “IR G'3” mo dule. This mo dule has a 16-bit event
comter and a 50ME  48-bit clock. The relatie tine of an event isrecorded with a 20 nsec
resolution. The event information isstored ina HFO nemory located inthe TR G no dule.
The global trigger signal and the event counter signal isdistributed to 48 GNG no dules in
the TK O crates. The (GNG 1o dules then distribute the global trigger signal and the event
counter informtion to the ATM no dules.

The triggerefficiency for an electronisdescribed in Section. 3. 8. 2.

High Voltage system

The high vol tage(HV) power supply system isconp osed of V no dules( 033K ), irtelligen
nai nfranes(SY527) and the WE  interface no dules(V288) which are made by CEN (. In
Sup er-Faniok ande, about 480 A33K no dules, 48 SY527 mainfranes, and 4 V288 mno dules are
wed. Qe M33K has 24 BV output channels and 1 primary HV generator. The output vol tage(
nmxim un BV drop of 900V from the prinary HV of each channel isset and nonitored( 0.2V
resolution) individuallyand the primary HV generator has a cwrent monitor ( 1pA resolution
). Therefore, one can set and nonitor the output voltage of each channel and nonitor output
current of each no dule. Typically 10 A33l6 are accomo dated ina SY527 crate which is
controlledremotely viaa V288 mo dule( WE <« CAENet  interface).

8charge to analog converter
9anal og t o digi t alconverter
OFirstIn/First Out
"1denti fication
2Data AcQuisi tion
I3TRi Gger
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each 40m

BIT3
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Figure 3.18: Schematicviewof HV control system

digitizationifthe global triggerarrives, the data isread out to a very large WIE buffer with a
comection via FDII ' to an online host computer as described inthe next section

In addition, the output of QTC has the sum of the discrimnatory outputs, or analog HT
SUM output, and itisused for an outer-detector triggerto detect the event whic h doesn’t enter
the inner detector. The outer-detector trigger threshold isset to coincidence of 16 PNMIS hit in
a 200nsec windo w

3.6 Online DAQ system

As explained inSection. 3.4.2,charge signalsand relatie tine information of each hit PN’
isdigitizedby ATM, sent to SMB, and read out by online conputers via SBus-WE interface.

Sup er- Kanmok ande uses 8 slave online conputers for the inner-detector data acquisition,and
1 online conputer for the outer-detector data acquisition, 1 conputer for the triggerand 1 host
conputer to integrate data collectedby the online-conputers. In each electronicshut, there
are 2 online conputers( Sun SPAR (Qassic $4/(QL, naned “sukon”) for the imner detector and
each online conputer collectsabout 1440 PVIS’® data. These data are transferredto the host
conputer( S SPAR Gtation 10 $4/10) via FITI. 'The trigger conputer placed inthe central
hut controlsthe TR G no dule and receives the otput signal fromthe TR G no dule. The trigger
informtion receiwed by the trigger-conputer are alsosent to the host conputer. The data from
the outer-detector PVIS  are collectedby the outer-detector online-computer(“suk ant”) which
isplaced in the central hut. The outer-detector’s data are transferred to the host-conputer

high speedri ngnetwor kwi t hopti caliber cabl e
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via Ethernet and the host-computer itegrates data from the inner-detector and outer-detector
PMTs and the trigger infornation.

Data which are integrated by the host-conputer(“suk onh”) are sent to a nenitor conputer
and a data-reformatting computer. The nonitor computer ( SPARCstation20 ) placed inthe
control room isused to check the data acquisitionand the detector status. The reformatting
conputer( UltraSPAC naned “sukrfni) which isalso placed in the control room is used to
change the online data format imto an off-linedata format ZFBRA 1°

3.7 Off-line Anal ysi System

Nter the reformatting process, the data are sent to the offline host computer every 10
nmin utes: This fileisabout 70 MBtes insize. The offlinehost computer( VPX210/10S, “skuop’
) islocated inthe computer room of the laboratory outside the mine. This host conputer saves
all the data ina mass storage'® library( MI. ) and converts the irteger data of AXS and
T  to the number of photo electrons and nano seconds, respectiwely This conversionprocess
iscalled “IQreal ”.

ANter TQeal, the data are distributed to offline conputers. Fac h offline conputer( Sun
SPAR Gtation 20, “sukeve” ) has 2 (5 and iscomected with the host and the others via
net work naned “UtraNet1000”. These offline conputers serve as event fitters. Mre worksta-
tions are availablefor anal ysis. A flowchart of the online DAQ and the off1ine anal ysis isshown
inFig 3.19.

3.8 MC siml ationf Super- Kani oknde

Here, we consider behaviors of scattered electrons and Cérenk ov photons in the Sup er
Kaniok ande detector. Fence, using a Mn te Girlo( MC ) simulation, we estinate the detector
response. The MU simlationisconstituted by 4 conp onents; 1) electrontracking, 2)Cérenk ov
photon generation and propagation , 3)PNI'  and 4)trigger efficiency. (dnsidering the behav-
iorsof the conp onents the MC was tuned with N calibrationdata which will be described in
Section. 4.5. In this section, the first and the last conp onents are described. The others are
described inthe next (hapter. Sone considerations for the solar neutrino anal ysis are expl ai ned
inSection. 5. 3. 1.

3.8.1 Electron trac kiig

Inthisanal ysis, a similator whic h isbased on GEANI' iswed. (EANI' isa tool for the de-
tector similation developed in FRN 7. K8 ' isuwsed in(EANT'  to similate el ectronagnetic
imeractions. HS supports an energy range from a few tens of keV to a few TeV for charged
particlesand from lkeV to several thousand &V for a photon. GFANEES simul ation sys-
tem take account of the follsing physical processes; (bulom b mul tiplescatterings, ionization
loss,d-ray production, bremsstrahlung, amnihilationof positron, Mller and Babha scatterings

I5ZEBRA is the todl for data managemn t which isdeveloped in CERN.
16Tn Super-Kamok ande, the compact magretic tape(QMT 3090) is wed
YBrop ean laboratory for particle physics

8HectronGarma,  Sho wer code
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x10| sukon’s, sukant

L

sukonh

x 10

Figure 3.19: Schematicviewof data flow SN represents a supernova noni toring process. Atnp d
represents an analyzing process for atnospheric neutrino events and nucleon-deca y search. LE
represents an anal yzing process for loxenergy events and Mu represents an anal yzing process
for cosnmic-ray muon events.
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and generation of Cerenkv photonsforan elect ronpai rproductionCompt on and Rayl ei gh
scatteringad photcel ectreéfectf ora photon.

3.8.2 Trigeger dficiency

Triggeeffici encyssiml atednd conparedwi t lrealdat a. For t hi sonparisonNicalibra-
tiomlataareused.Figure3. 20shows thetriggeaffci encyof MC siml atioand N calibration
dataas a functioof visiblenergyN,ss. (For defini tionf N.sf, seeAppendix. F) Our MC
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Neff

Fi gure3. 20: Tri ggeeffti ency HorizonhalaxisisNgy; definedin Appendix. Fand the ver-
ticahxisisefftiency Blak dotscorresqgnd tosimlatedesul tand crosscorresqnd to N
calibratidata.In thidigure,7MV isabout 47 N,;;.

simlationeprducesdataquitewellintheenergyregiogreatethan7MV( ~47 N.¢). But
inthel averenergyegiontheagreenem beconesslighl yworse .Forexanpl e at 6. 5MV( ~43
Nesr),thedifferencelData- MC) is+1. 2%whi ch i stalenitoconsideratidnsthesystematic
errors.
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Chapter 4

Calibrati on

4.1 Gain of PMTs

4.1.1 Relative Gan of PMTs

In order to keep uniformity of the detector, the high voltage of each PMT is adjisted to
mk e the relative gain of all the IV sare.
Ow system to measwe the relative gain of eacch IN'  isshown in Fig.4.1. Light from a

Xelamp
SK tank
uv ND

\ ’ffilter filter
Scinti monitor PMT
\ / _
O Trigger
PMT
Scinti Ball
S anc
monitor system—
Electronics

KHgwe 4.1: IN'  gain calibration system

Xe-lanp ispassed through ultra-violet filters and injected into a scintillator ball via an optical
fiber. The scintillator ball is mde of an acrylic resin in vhiic h BBXT and MO powkrs are
wiforhy mxed The HXT and MO are wed as a wavelength shifter and a light diffiser,
respectively. The intersity of the U.V. light is mmitored by a separate scintillator nonitor
wic h gives a trigger sigml( see Hg.4.1 ).

Withthis system the masureran ts are dore at variows positions inthe Sup er-Kamok ande
detector. The high voltage valwe of each INI' are adjwsted, after correctiors including light
attenwation inthe detector water, wiformit y of the scintillatorball, acceptance and intersity of
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the Xe light. In Fig. 4.2,the gain distributionsof barrel PMTs are shown. From these figures,
the relatie gain spread isestimted to be 7%(10).
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KHgue 4.2: The leftfigre shows a relatie gain distributionof PVIS labeled by their cable
number. Gain spread from the central value is shown inthe right figure. In the right figure,
the horizontal axisis Q(charge) after correction for detector geonetry and water transparency
inunit of pC-m?.

4.1.2 Single p.e distribution

The relatie gain was adjusted at a high charge(Q~~300~500 pJ region where the number of
photons islarge. In thisregion, the output charge froma PVI' isinproportionto the number
of photons. However, for a lowenergy event such as produced by a 8B solar neutrino, nost hit
PVI3  detect single-photon signal. Therefore, understanding the gain of each PNMI' at a small
charge regionisvery inp ortant to analyze ®B solar neutrinos.

The electronicssystem measures only charge output of each PNMII A conversion coeffici ent
from the charge to the number of photo electrons is needed.  Nidkel calibration data to be
described in Section. 4.5.2is used to obtain the coeffiient. In Fg. 4.3, the singlep.e. charge
distributionof a typical PM[' isshown inunit of pico coulomb. From this figure, we can get
the coefftien t; 2. 055 pC isequivalent to 1p.e.

Next, one check wiformty of “occupancy” which isdefined to be a ratio toml"fﬂgfr oﬁfhgsms
for each PNI'  at one p.e. light lewl. Uniformty of “occupancy” isimportant in the low
energy region, to reduce the positionand directiondependence of the energy scale. The data
taken inthe Nckel calibrationruns( described in Section 4.5.2) are also wsed to measure the
occupancy . InFg. 4.4, the distributionof the average occupancy of barrel PVMIs  isshown. Sone
PVIs  at the barrel have higher occupancy than the others. The difference cones from diflerent
single photo electron detection effiiency of the PVIS.  The variationof effiiency depends on
the production tine of PVI3. The PVIS with higher occupancy were nade earlierthan the
others. The difference is20% on the average. The non-wmiformt y iscomsidered inthe energy
determnation whichisdescribed infpp endix. F. Except forthem the occupancy near the upp er
and lower layers looks higher than that at the central layers. This apparen t diflerence cones from
the photon reflectionat the surface of PVM[  whic hisconfirred by a MC simulation. Uhifornit y
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of occupancy on the top and bottomPMTs is also checked. The occupancy di stributioaveraged
over PMIS alonga concentricaingisshown inFig. 4. &s a functiomf ringradius. The apparent
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0.007 fa} {
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0

Figure 4. 5: Occupancy fortop/bottomPVIS. The horizortal axisisdistancei nunit of neter,
fromthe center of the top/bottompl anes. Circlesnd trianglesorrespnd totop and bottom
PMIs, respectiely

non-uni form ty isal socaused t he photon reflectiomwn the surfaceof PVL

4.2 Relative Timingof PMIs

The resol utiowf reconstructedvertexpoirt of a l ox energy event depends on rel atievhit
tine of each PM[L Because of sl ewi ngeffect of a discrimnatorthe rel atievhittine becones a
functionof obserwed charge(pul sehei glt ).

A systemillustratddFig. 4. G sused toneasure the correl ationHere,a Ny laserisused as
a ligh source. The pulsewi dth of the 1igh istypically nsec. The wavel engt hof the Ny 1aser
lighis337 nm and isconvertedto 384 nm by a dye laserno dul e, whi ch issimlarto Gerenkov
ligh spectrum Also, a set of opticalfil tersare used to change the ligh itensiy inorder to
neasure the hit PM[ tine at variouspulseheiglts. The ligh issplitito two, one isguided
toa diffuser ballinthe tank viaopticalfiber cabl e,and the other isused to nonitor the ligh
itensiy and tonak e a triggersignal.

In Fig. 4. 7a typicalcorrel ationf hit tine(T) versuscharge(Q)isplotted. This distribution
iscalledTQnmap”. The TQnmap isnade foreach PV, and itisusedforrealdata tocorrect
the sl ewi ngeffect.

At the sane tine, dependence of the timng resol utiomwn pul se height isneasured and
isshown inFig.4.8. The timngresolutionsapproximtely3nsec at singlep.e. The timng
resol utiomsincorprateditoour MC similation.
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Time Resolution of Inner PMT
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Figure 4.8: Timing msoltim d ine-detectar PMTE asa futim o chag( p.e ).
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With the laser system, one can masure the water trarsparency for varios wavelength vhic h
iswed to twe wp owr Monte Carlo(M]  simmlation

As ore can't measwe the tramsparercy contimuowsly , ore also emplo ys real data to mnonitor
water trarsparency inthe detector and its lome-term stability.

4.4.1 Direct Measuremernt wi thlaser

The direct measureran t is dore wth a system whic h comsists of laser, diffiser hball, D
camra, and control system A schemtic view isdescribed inFig4.9. In this system a Ny laser

Beam Splitter (50:50)

CCDﬁcmera @ \

]

DYE /N2 laser

e D Integrating Sphere

<< laser box >>

Diffuser Ball
I i

-7 " Optical Fiber (70m)

KHgre 4.9 Sclemtic view of direct maswemn t of water trarsparercy

and a dye m dile are wed as the light sowce. & the N laser pro dices only mo chromtic
light(337m), it isconverted to a difise light wth a diferen t wavelength by the dye m die.

Passing throgh the dye m dile, the light is split into two by a half mrror. Ore is led
to 2-irchrinndiarater BNT'  for manitoring the light intemsity, and the other is guded to an
acrylic diffiser tall via optical fiber cable. Ths difiser hall isset wp inthe water tank and the
light from the ball is maswed by a (D camra. Maswemsn ts are dore at several distances
between the kall and the camara.  Ater correction wth data taken by the monitoring BT
the water tramsparercy is calcdated Te measwemn t is carried ot at varios wavelengtls
and the result isshown in Tabe.4.1 and Hg 414 Tis result istaken into accom t inow M
tuing ( Sub-Section4. 4.3 ).
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wavelength(nm) | water trarmsparency(n) | error(%)
337 40.90 2.52
400 99.74 6.04
500 33.47 2.09
o580 10.17 0.64

Table 4. 1: Water transparency measured by laser system

4.4.2 Measurement wit h y-decay electrons

In Super-Kaniok ande, cosmic-ray muons hit the detector at a rate of 2.2 Hz, anong which 3
~ 4% stopinthe detector. The stopping muon decays inwater and emts an electron. InFig, 4. 10,
a typical stopping muon event isshown, together with an accompanied u-decay electron.
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Hgure 4.10: A typical stopping muon(left) and an acconpanied pu-dea y electran(righ t).

Te water tramsparercy meswed by p-dea y electras  represen ts an average valwe inte
gated over the Cererk ov light spectrun  at sirgeputo  electran  light level. A p-dxa y dectran
is tageed by a selection caiterion that tira dfferere between the pecedrg  event and the elec
tron caddbte is L5~80usec. Te rape o p-cbea y electras  in water is less than the vertex
paition resduia 1 o = Tm a 10MeV). Terefae,  tleir trac k legth  is shat emgh  to
be agpo ximted & a pant. Recostriction mlo d o tleir vertex padnt and drection are
dsaib ed in Ap emdxA and Ap endxB, resp ectively.

Ten ae seets hit PNE  inthe eletron event wWic h satisfy the fdlowrg codtias:

1) tle dtected poton lies wthin  a Hasec  tim wob w fran tle ep eted arival tim &
clcadated from the poton  flight pth

2 Te BB slodd liein a cae wth a llf peing age o 22 dges msued  fran
tle electron  drection(Hg 4 11). Ater tle sdection ae cosidrs  avirtwl spere wth a radws
o R and wth its center at the vertex position o the event. Te seleted BB are pro jected
Iac k anto ths spere.  Tey shodd fam a rirg an the sgere. Ten  they are dvided into 36
awimwhl 10dgree  Hms as slowm in Hg41l  On thke spere, the effctiv e charge  in the i-th
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Figure 4.11: Schemati cviewof hit PMT selectionforcal cul ationf water t ransparency
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k di— R
AQ; = ; : , (4.1)
Swear (957)

1

g k
eap (dl : R) >4 (4.2
=1

where d; isthe distancefromthe vertexpoit of the electromto the j-th PMI' inthe i- thbin,
Aisthe attertionl engthof water,k isthe number of hi t PMIS inthe ¢-thbin, ¢; isthe number
of photons detectedby the j-thPMI' afterPMI' acceptancecorrectiomnd d; isthe average of
the distanced;. Ideally AQ; shoul dsatisfyhe follwing relation,

AQr=AQ2="--=AQ3 = AQ (4.3)
Then, one can set R — 0 wi thout any change, and AQ can be descrikd as

r

aQ=eap () atv) (4.4

where d; isreplacedby r,and ¢(r) = Z?Zl qj -
Then, every7 days, one collectg-decay el ectronsand fit them assum ng

a) = e () 5@ (4.5)

o4



Then,

A=r-log <@/A—Q>, (4.6)

where ¢(r) and AQ are the average of ¢(r) and AQ over 7 days, respectively.
Te water tramsparercy and its longterm stability masured by the p-decay electron data
isstowm inFig4.12.
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Hgwe 4.12 Variation of the detector water tramsparency maaswed by p-decay electroms as a
fuction of elapsed tim sinmce Janwary 1, 199. Ore circle corresp onk to 7-day data. Te rapd
change  after 250 days is caised by repacemn t of ULTRA HL TER in the water prification
systenf  Section 3.3.1).

4.4.3 Input parametersof our MC simulation

Cerenkov photon propagation

Gereral conditios to gererate Cererk ov plotors  and  tleir spectrun have been already
described in Sction 3.1. Hence, inthis section a mtho d to propagate plotors  inthe simulator
is describ ed

Te PMEB detect mt only direct photons bt also reflected photors.  p ecially, the reflec-
tivity and itsimcident angle dep enerce isimp ortan t.

(np oren ts of the Sup er-Kamok ande detector, relevant to the plhoton propagation  are
water inthe tank and refection at Hack sheets on the wall of the water tank, and at the surface
of INVE. To simulate the ploton propagation in the Sup er-Famok ande detector, scattering
and absorption at these comp oren ts are separately corsidered
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propagationi nwat er

When a medium natter isdispersiwe as water, one should take into account the dispersion
relationof the refractionindex for calculationof the velocity of the ligh propagation. This
velocity isnot the phase velocity, but the group velocity which isappro ximated by:

vg=—— (4.7)

on(A)’?
n(A) — A28

were v, is the grop velocity, A is wavelergth of plotors and n()) is the refraction index
dep enen t on wavelergth  n(\) is given by the followrng formua[28],

a
n()\)z\/ﬁ+a2+a3-)\2+a4-)\4+a5-)\6 (4.8)
were ) is wavelength in wit of ym A2 = 0.018085, a; = 5743534 x 1073, ay = 1.769238,
az = —2.7922 x 1072, ags = 8715348 x 1073, ad a5 = —1.413042 x 10 3. Tts spectral
dep enderre  in water isslown inFig4 13.

=
a
I

refractive-index

g i
P—

\0\\

T

200 400 600 800 1000 1200
wavelength(nm)

FHgwre 413 Te refraction index of water dep enden t on wavelength  Dots represen t the data
listed in [29] and solid lire stand for Eq.4.8.

Next, ore comsiders probahilit y of scattering and absorption of Cererk ov light photors  in
water.

For a short-w avelerngth region, Rayleigh scattering is domren t, becaise the size of particles
wth wic h Grerk ov ploton interacts issmll emowgh compared with the wavelength For a
lore-w avelength region the photors are scattered isotropically. Te data are given by a reference

Ten, ore determres the ratio of scattering to alsorption of plotors  in water. Te ratio
ismwt a maswable valwe at the Sup er-Kamok ande exp eriman t. Terefare, inowr MC tunirg,
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it is treated & a free paamele.  After tunig, the spacttd dp edwe  of waer trasmacy
ago yed in ar MC smddimm is do wm in Fig4.14
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scattering and absorption at hlac k sheets and surface of PMT

Reflectiviy of black sheet was neasured inthe air and isconverted to that in water( see
Fg.4.15). In this calculation, the refractie index of black sheet is assumed to be 1.6, and
pol arizationdep endence of reflectivity isalsoconsidered31]. Inow M simuilation, reflectivity
averaged over Swave and P-wave isused

Reflection at the surface of PMI' iscalculated with the standard electro-magnetic law where
the polarizationof ligl isconsidered. The calculatedreflectivity isshown inHg 4.16 together
wth neasured values at 7 incident angles inwater.

4.5 Absolute Energy Scaleand Fhergy resol ution Calibrations

Ina lowenergy( ~10MV) region, number of hit PVE isused to calculate the energy of an
event. A recoil electron scattered by a B solar neutrino gives typically an energy deposit of
10MV inthe Sup er-Kamokande detector. The hit PVB (45 hits at 10MV at the center of
detector) detects nostly a singlephoto electronsignal. Therefore, the energy isappro xinately
proportional to the number of hit PVIS.  On the other hand, total number of photo electronsis
not a good neasure of energy around 10MV, as itisaffected by the fluctuation inthe electron

o7



90

(degree)

80

60

40 -

(%)Aunnoayial

(9%) Aunnoayyal
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The ~v-rays from this reaction are a min background in this calibration schema. The cross
section of this captwre process is0.332 barn, and the reutron man lifeinthe water is 205 usec.
Te erergy scale iscalibrated by comaring the Ni y-ray data wth owr Monte Carlo simur
lation incorp orating the detector resporse.
A schemtic view of the wole calibration system isshown inFig 4.18. Tle N wire and

252Cf and

Polyethylen Fission counter

calibration hol container
— e\

Ni-Cf container [J . 20cm

-
< 7

Super-K amiokande detector

Fgwe 4.18 Schematic view of the calibration system wth the radicactive N+ 220 source

22 sowce are pac ked ina cylindrical contairer( see Fig4.18 ) vhic hismde of polyethylere.
This contairer is20cm inleight and 2cm indiamter. The 2°2@ sowrce(1.7 uG) islocated at
the center of the contairer on whic h an electrode ispainted to be wed as a part of a prop ortional
com ter . Te 252 sowce isswromded by pre water and hdes of 0.1mm ¢ N wres wth
gross weight of 2.84 kg and pure water. This contairer iseasily set up inthe Sup er-Kamok ande
water tank through calibration holes on the detector top and data are taken at variows positiors.
Wlhen ore take data for erergy calibration wth N(n )N * reactiors, ore we the preceding

22(F fission as a trigger, whic h iscalled “fission trigger”. The prop ortioml cowmn ter is located
irside of the contairer to detect 2°2(F fision pro dicts. Its sigml iswsed as the trigger. Data-
taking processes are active only wthin 500 usec after each fssion trigger. The distribution of
tine intervals(Tgq;rr) maswed from the fssion trigger isshown inKg4.19. Inorder to subtract

bac keromds  in the erergy spectrum for example, 2.2 MV ~-rays from the H(n ~)D reaction
off-tining data( 300 < Tgpr < 500 ) are subtracted from onrtimng data (10 < Tgpp < 210 ).
Nter the bac kground subtraction, the resultant erergy spectrum isshown inHg4.20 & isseen
inHg4.20, the width of the Ny distribution is mot well repro diced by owr MU sinmilation
Tis diffrence wll be treated as a systematic error. Ten N data have been taken at several
positiorss(Hg 4.21) inthe detector. With the data, owr Mn te Girlo simulation ispre-tuwed Te

position dep endernce  of the erergy scale issumarized inTabe.4.3. The position dep endence

ismaswred only inthe N calibration run A eraging the results given in Table.4.3, the possible
diference in erergy scale between the data and ow MU simulation isestimated to be +40.3%

for 8B solar reutrinos inthe fidcial vol une(22. Skton).
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Figure 4.19: Event time distributionneasured from the fission trigger. The tine constant
T7=85usec corresponds to the neutron thermalization tine inwater.
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Figure 4.21: Positim dep athre
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4.5.3 LINAC

In the calibrationruns with~-rays from the Ni(n;)N * reactions,the main one isthe
%N (n,7)%N * reaction. For exanple, the individualbranchi ng ratiosof a fraction(8. 9% )
of y-rays fromthe reactionhave not been neasured. Therefore,itisdifficul tto deal with the
fractiol. 9% inour MC simul ation. Mreo ver,thereare uncertaimiesinthe y-ra attemation
by naterialeffectof the N wireas wel las uncertai miesi nt he crosssectiomnd branchi ng ratios
of N (n,7)N*. On the other hand, uncertaity inLINAC beam energyisonly +0.3% as willbe
expl ai nedi nthissection.Hence, we adopt LINA C calibratiofiorthe absol uteenergy scal eand
energy resol utiomletermnation.

A schematic viewof LINA C isshown inFi g.4.22and the whole calibrationystemisillus-
tratedinFig. 4. 23 TINA C em ts el ectronswi t h ki netienergiesof 5MeV ~ 15MeV. Electrons

LINAC room

Super-Kamiokande top
per 15deg bending magnet klystron power supply

B | Py
M

steeling coil

concrete shield

Figure 4. 22: Schenatic viewof LINA C

LINACroom  magnet 1

|l

rock

beam pipe

Super-Kamiokande detector

Figure 4. 23: The whole IINA C calibrationystem
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from LINAC are fed into the Super-Kamok ande water tank viabeam pipe throgh 4 collimators
and 3 bending magrets.  Ater all the collimtors, the intemsity of the electron beam is reduced
to a level of 1 electron/buc h A schemtic view aroud the beam pipe end isshown inFig 4.24.
Aomd the pipe end, there isa plastic scintillatorwth thickeess of Inm By a sigml detected

PMT
light guide S
—_ plastic scintillator Imm
D / %
Ti 100pm

Hgwe 4.24: Aomd the end point of the IINA C beam pipe

by the scintillator together wth a micro-w ave beam timng signal from IINA G a trigger signal
ismdk. The end cap isa thin T wndo w wth thickress of 100um It prevents water from
sreaking into the beam pipe.

A Ge detector iswed to calibrate the absolute erergy scale of the IINA C beam noen  tum
A schemtic view of this (¢ calibration system isshown in Hg4.25. Using this system the
beam moen tum was measwed inMay and Jue, 1997. Te deviation of the maswedb y @)
beam mmen tun from the expectation by the mgretic field of amlyzing magret(dl)  is less
than +0.3% at variows erergies. Te result issumarized inTable.4.4 and in Hg 4.26.

My Jure
difA B gass] ‘ Pyeam[ MV /c] 1 gauss| ‘ Pheam [ MV]c]
1.8 -371 5.120 -371 5.123
2.15 -437 6. 054 -437 6. 048
2.5 -4 6. 964 -505 6. 969
3.2 -637 8.811 -637 8. 852
4.0 -789 10.949 -790 10.979
50 -980 13.630 -979 13. 667
6.0 -1168 16. 283 -1169 16.299

Table 4.4: TINA C electron Men tum vs Mgretic  feld

IINM C data Iave been taken at 2 positioms; (xy,z)=(-1237,70.7,1228)[cth  and (xy,z)=f-
1237,70.7,27)[coh ~ position (see Hg4.23). Erergy distributions of the real data and N-tued
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Figure 4.25: Schematicview of the Ge calibrationsystem for the LINAC beam monen tum
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MC at each positionare shown in Fig.4.27. (bmparisons are summarized inFig.4.28. The

energy distribution for each linac energy z=27 energy distribution for each linac energy z=1228
E 600 F =,
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Figure 4. 27: Energy distributionsf LINAC data at Z=0m and 12m Ieft(righ) figures are
energy distributionsf ILINA C data at (x,y, z)=-1237, 70. 7, 1228) [cnf (- 1237, 70.7,27)[ cijto-
getherwith N-tuned MC distribution.

average di fferencesbetween the data and N -tuned MC inthe absolute energy scal eare +2. 6%
at (x,yz)={-1237,70.7,1228)[ cahd H4. 2% at (x,yz)=-1237,70.7,27) [ cnjespectiely On the
other hand, the average di fferencesof energy resol utiobetween the LINA C data and N - t uned
M ared. T%at (x,yz)={-1237,70.7,27)[ crdnd 2. 6% at (-1237,70.7,1228) [ cnfespectiel y

4.5.4 Comparism betwen Niad LIM C

Absolute energy scale

Qr M similationhas alreadybeen pre-tunedwith N calibratiowata. Therefore, a
correctiomas tobe nade toour MO simulationbased on the LINA C energyscal ecalibration.

Inthisconparison, N data taken at the sane positioms ILINA C data are used. The peak
positionof the N,;r distributionsf realdata and MU are summarized inthe lover two rows
of Table. 4.3.The diflferencesbetween N data and N-tuned MC at the LINA C positiomre
writteninthe thirdcol um, inthe l over two rows of Table.4.3Now; ILINA C data aredirectly
conpared with N data at the sane positionThe resultis

<data—MC> B (data— MC) ) R2.6%£05% (at Z=H2m)
LINAC N3

MC MC H 9%+ 0.5% (at Z = 0m). (4.9)

The average diflerenceis+2 .3% which shoul dbe a correctiofactorto N-tuned MG

Positiondependence

A isdescribd inSection. 4. 5. 2he positionlependence of energy scaleisestinatedto be
40. 3% whi ch shoul dbe incl udedi nN - tuned MC
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energy difference between DATA and MC z=27 energy difference between DATA and MC z=1228
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Figure 4.28: Comparison between LINAC data and N-twed MC (Data — N-twed MJ/Dta
isplotted as a fuction of [INA C beam erergy calilbrated by the Ge erergy calilbration system
Upper figres for the erergy scale, and lower ores for the erergy resolution ILeft figures are for
data at (x,y7)=(-1237,70.7,27)[cnh, and right ores are for data at (x,y,z)=f-1237,70. 7, 1228)[ cnh.
The erergy scale inIINA C data iscalilrated by the (& measwreran t.(N scale )
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Summary
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Figure 4.30: Comparison between LINAC data and MC after correcting the erergy scale shift.
(Data - \J/Idta  isplotted, as a fuxtion of IINA C beam erergy calibrated by the Ge erergy
calibration system Upper figures for the erergy scale, and lower ones for the erergy resolution
left figwes are for data at (x,y2z)=(-1237,70.7,27)[cth and right ores are for data at (x,y,z)=f-
1237,70.7,1228)[coh.  The erergy scale in[INA C data iscalibrated by the & measweren t.



The maximum de vi a tioofe ne rgye so lutii @#.%%. It i cons eartwe Y g mplye di nt he
systematt drts houbedhot e¢dhidse vi atiimoone or r e ¢ toeudMC.

4.5.5 Long-term stability in emgy scde msural by p-da y detras

Themaxiumenergfu-de ygael ect t eaalsuth Me Vand he haep ft hener gy
spctrumiMidcep ¢t r uing ievnby

dN G? AFE, m
dF, = o b (3_m—e>’ <E§7u> (4.10)
e U

Inwatehoeerappxdomat 80 % fu sareapt ubye'dO nucleus Hence,thevisible
nean lifeineof stoppi ngt™ decreasesol. 8usec[3]. Observd nean lifeéineof muonin
Super- Kami oknde is2. 02usec. Fence, the u™/u~ ratidecones 1. 1i nSuper- Kani oknde.
Furthernoretheenergyspectrumnf = decay el ectromsound by 60 isdistorted$. With
thi effecttalenitoconsideratiodataof y-decg electromnd MU eventsareconpared.
InFig.4.3%he Noyr distributidwrdataand MO areshosn. The two spectrarecon-
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Figuret. 31:Neyy distributi efy- decy el ectrofordata(crossepand M{ solidlistogram
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sistemwi thead ot her exceptingt a l owenergyregi on.This di flerencéscausedby - ras
em tted romradioacté mucleisuch as 'N generatedy p~ captureby %0 inwater. The
di fferenceénpeakpositiometweent hetwo spectras
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The comparison isingood agreenent withthe LINAC cali bratiomesul twi t hi nerrors.

The long-termstabilytof energy scaleisshown inFig. 4.32. Each poitt correspnds to
30-day data. The stabilytinenergyscaleisestinatedtobe ~ +0.5%.
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Figure 4. 32: Long- termstabil §tof energy scal e.Fach poirt correspnds to 30-day data.

4.5.6 Summary

The netho ds tocalibratéhe absol ut eenergyscal eand the energyresol utionresumarized
inTable. 4. 6Then, the totalsystematicerrorissumarized as

Paraneter

calibrationource

Absol ute energy scal e
Foergy resolution
Positiowariation

Tine variation

IINAC

LINA C
average of N
decay electron

Table4. 6: Summary of the energy scal ecalibrationetho ds

energy scale

ener gy resolution
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Chapter 5

Data Reduction and Amnalysis

5.1 Data Set

Super-Kamiokande startedtakingdata on the 1st of Aprilin1996. It took a whilebefore
the operatingcondi tionshave stabilized Inthisthesisthe data taken fromMay 31, 1996 to
Jun 23, 1997 are anal yzed.

Priortoevent reductionbad-qualiy data setsare thrown away. For exanple, a PM[' was
contimousl yflashi ng, sone data incl udednoi syruns, and so on.

After good run sel ectiomhe detectorlie tine i nthisanal ysisanoun tsto306. 3days during
whi ch a totalof 3 x 10% events are recorded.

5.2 Event Reduction

5.2.1 First reduction

After good run selectionthe follwing selectiorriteriare appliedto the data to reject
background events,forexanpl e, cosm c-rgy muons.

1. ID(Inner Detector) Total charge < 1000 p. e. — selected
‘This isto rejecthi gh-energyevents such as cosmc-rgy muons.

2. IDTine differencefromthe precedi ngevent > 20 pusec— selected
:Thisistorejectel ectrond rompy- decay.

3. Event statuscut
: Thisistorejectbad events due tobad hard- ware behaviorlik broken onlinesystem

4. O(Quter Trtector)triggeredvent cut
:Thisistorejectevents triggeredy particleshich cone fromoutsideof the detector.

5. (D hit< 20 hits— selected
:Thisissane as(but tigherthan ) 4

6. Noiseevent cut 1
:Thisistorejectnoiseevents caused by PVI' or electroni céroubles.
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7. Flasher PMT event cut
‘This isto reject events caused by sel f-flashi ng PVIS.

Criterionl isto reject high-energy events. In Sup er- Kamiokande, alnost allthe hi gh-energy
events are cosmc-ray muons and they cone imto the imner detector at a rate of 2. 2Hz. As these
events emt man y (érenk ov photons, these events can be easilyrejected ( Hg.5.1). In this

7000 ;
6000 ; H CcuT
5000 }
4000 }
3000 ;
2000 }

1000 —

109(Q 1o [P-€])

Figue 5.1: Total ID charge( inwnit of photo electrons )distributionof a typical raw data. The
events of whic h ID charge are rejected.

anal ysis, threshol d of total ID charge inan event isset to 1000 p.e. which isequivalent to about
200 MV for electronevents. Therefore thiscut affects real ®B solar neutrino events negligibly

Giterion 2 isto reject electrons from p-decay. This cut introduces a dead tine of about
1.6 x 1071%.

Gitein 3 is to et pedstd events ad as Wic h lxls in ssma  DAQ ifation
Te peadstd eent was expamed in Sdin3d4.2 Tee events ae mgatel in ths adwsis
Te dad tim is dalded inan dflie an vasion po s TR (see Sction37) ad it is
sihiracted in dalgiom o tle dtatar  live tim

Gitela 4 ad 5 ae to igat events aasd by wwiera  y invisibe mws wic h cam  fran
atsi o tle dteda, ht leaveavay sdl aon td esgy dp it intle imer dteda.
Giteim 6 is to et mse events In ths at, a Pade NSmtio dfimd by Eqhl is
intro deied  aad tle event Wic h stisfis I$rtio > 0.4 is rgedted

Npyur(—0.9 < Qpurlp-e] <0.4)

NSratio = 51
Nhit—pymr )

Gitein 7 is to et events aasd by flsle BB If thee edst mn y Lt BE
aord  the lagstc  lagdldtest) BI ina event, tle eventisat & fller BRI event.

At thse 7 aitaia  the tdd numbe d events is rdwd  to 1.68 x 10¥( mdtin  fatar s
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1.648 x10°/3x10=55% ). On the other hand, the detectioneffici encyfor ®B solar neutrinois
95%

5.2.2 Second rehidian

Afterthe first reduction,vertexpositiomnd energy of each event isreconstructed. The
met hod of vertexpositiomeconstructioand of energydeterm natiomredescribdinApp endi x. A
and App endix. F,respectiely If number of PMTS that are used inthe vertexpositiomrecon-
structionistoo few, the resul tis not reliable.Therefore,in thisanalysis,one requiresthe
follwi ng condi tions;

8. Number of PM[' used inthe vertexpositiomeconstructio 10 ( ~2MV ) - selected
9. Goodness > (0.4 selected

vwhere the goodness isan estinatorof the vertexpositiomweconstructionltisbasicallgimlar
to x? which isno dified and bound from0 to1 as Eq. A 7inApp endix. A A typi cal goodness
distributionsshown inFig. 5. 2.

x102F

7000

6000

5000

4000

3000

2000

1000

Figure 5. 2: goodness di stributiofhorraw data. The holizomal axisisgoodness, and the vertical
axi sisthe number of event i neach bin.

After the 2 cuts above reduction,we apply pre- fiduci alvol une cut and pre-energycut:

10. Distancebetween the vertexpositiomnd the nearestdetectorsurface(Drall jof ID > 150
cm & Nepp > 36.46hits(~5.3MV ) - selected

where N,;r isa number of hit PMIS  aftercorrectionsshich are detailed n App endix. F. The
wat er transparencyi sfixed to 70m inthiscal cul ationTo the eventssatisfyinghe criterioh0,
one applies:

11. Noise cut 2
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This selection criterion uses 2 metho ds to reject moise events. Ore isto reject events with msfit
vertex position The other isto reject events wth msfit direction These mtho & are explained
inAppendix C.1 and C2

5.3 Final Sample

5.3.1 Spallgion ad ~v-ray cuts

Spallaion cut

Nter the 2nd reduction, “spallation cut” isapplied In Sup er-Kamiok ande, cosmic-ra y muons
hit the detector at a rate of 22Hz. Sore of them whic h are erergetic emough to spall oxygen
nuwelei in water of the imer detector(ID), and occasiomally gererate radioactiv e isotopes. Te
events origimating from their deca ys are called “spallation” event. Te erergy range of spallation
events isup to 16MeV as listedin Table.5. 1.

Isotop e TE (sec) | dca y m de | Kretic erergy(MV)
SIe 0.12 B 10. 66+0.99( ~)
Bn (11%)
8Li 0.84 B 12.5~13
B 0.77 gt 13.73
o 0.178 B 13.5(75%
1.02.5( 7) (2%
fn ~10(35%
2C 0.127 Btp 3~13
i 0.0085 B~ 20.77(31%
B n ~16(61%
B 13.8 B~ 11.48(61%
9.322.1( v)(29%
B 0.0114 B~ 11.66
2B 0. 0203 8- 13.37
2N 0.0110 Bt 16.33
B 0.0173 B~ 13.42
20 0. 0090 Bp 8~14
B 0.0161 B~ 14.0746.09( )
$C 2. 449 B 9.82(32%
4.5145.30( ) (63%
gcC 0. 7478 B~ n ~4
16N 7134 B~ 10. 44(26%
4.2746.13( ~)(63%

Table 5.1: Tist of radicactiv e isotopes vwhic h deca y acconpani ed
erergies greater than 6.5MV

wth [ and/or ~-rays of wth

A spallation event has a strong spatial and time correlation wth the paren t mwon Therefore,
a lilelilbod fuction isintroduwced as a product of 3 probabilit y functiors: 1) time difference
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between muon and lowenergy event, 2) distance between muon track and lowenergy event and
3) extra charge! of muon. The netho d to determine these probahility functions isdescribed in
Appendix. E.

The cut value inthe lilelihood function isdetermned by comparing the lowenergy events
before the spallationcut with very low energy events( ~5MeV ) sanple which are supp osed to
be (-rays from 2'“Bi decay uncorrelated with cosmic-ray muons. Then, the dead tine due to
the spallationcut for ®B solar neutrinos isestimated to be 20%. The reduction factor of this
cut is743517/1.298 x10°=76% The detail of the spallationcut isdescribed inApp endix. E

Fiducial volune aad easrgy at

Ater the spallationcut, then one applies fiducial volume cut and energy cut. The require-
men t for fiducial volune cut:

Distance between the vertex positionand the nearest detector surface( Dw all) > 200 cm -
selected

The final fiducial volune isabout 22.5kton. The requirenen t for energy cut is:

“6.5 < Forecot < 20 MeV™.

The events satisfyingthe criteriaabove are selected The lower energy threshold of 6.5MV is
enpl o yed, because the number of events rapidly increases below 6.5MV.  And the trigger effi-
ciency curve( Fig. 3.20) iswellreproduced between data and ow MC sinmlationabove 6. SMV.
Therefore, the events with energies > 6.5MV are analyzed The higher energy bound depends
on the end point energy of B solar neutrinos ( ~16MV ) and the finite detector energy resol u
tion( 13% at 16MV ). Therefore, sone margin from 16MV being taken irto accoumn t, itisset
at 20 MV,

y-ray at

KHnally, “y-ray cut” isapplied A characteristicof y-ray events istheir direction. & their
source issupp osed to be detector materials(the PVB) and/or the rock swrouwding the detector,
theirdirectionhas a tendency topointimvard inthe detector( as shown inHg. 5.3, the z-direction
distributionis distorted. ) Hence, inorder to cut them “effective distane” from the immer
surface of the detector(Desr) isintroduced The definition of “effective distance” isshown in
Fg. 5.4, vhere the netho d to reconstruct event directionisdescribed inpp endix B The D,y
distributions for the events before v-ray cut and 8B solar neutrino MU events are shown in
KHg 5.5 Then, inthisanalysis, events with “effective distance” < 4.5 m are rejected. Ater
this rejection, the vertex and directiondistributionbecone flat inthe detector coordinates as
shown inHg. 5.6.

Subsequen tly the reduction factor isestimted for the data as wellas for B solar neutrino
M events, as sumarized inTable.5.2. From thisresult,ittwns out that the S/N inthe data
isinpro ved, while the signal 1oss caused by the y-ray cut issmall.

Istandard ioni zati onloss subtracted
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Figure 5.3: Zenithangle distributiomwf the events before y-ray cut
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Super-Kamiokande detector

Hgure 5.4: Definitionof effective distance

Energy region | Real data | *B v MC
6.5- 7.0 MV 56% 92.2%
6.5-20.0 MV 0% 92.2 %

Table 5.2: Rduction factor of v-ray cut
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Figure 5.5: D.ss distributionfor the events beforey-ray ctu( solidhistograms) and for®B
sol arneutri noMC events(crosses).

Final sampl e

Finallya data set of 59953 events whi ch survie afterthe v-ra cut willbe hereaftercal led he
final sanple.

5.3.2 Summry

The whole event reductionstepsare sumarized inFig.5.7.In order to estinatethe re-
ductionfactorsfor®B sol arneutrinoevents,the sane event reductionprograns are appliedto
MG generated ®B solarneutrinoevents. In Fig. 5. 7,renai ni ng number of events isshown at
each reductionstepforboth data and MC inparenthesisInour MC simuilationneutrinosare
generated, assumng the 8B 3-decay energy spectrun{Fig.2.3)[0 To reduce tine- dependent
systematicuncertaiies(such as change inwater transparency), events are generatedin the
sane conditionsthat the realdata are taken. Finally 59953 events renain inthe final sanple,
and study of ®B sol arneutri nosi sdone with thisfinal sanple.

The detectionefficiencyfor 8B solar neutrino events above 6.5MV in the fiducial vol-
une(22. Skton) isestimatedto be 70% by our MC simul ation.

5.4 Remainirg Bac kgoumd

InFig. 5. 8the energyspectrumat each reductiormstep, togetherwi tha theoreticaprediction
by the SSMBP95[9 ] )ishown. As shown inthisfigure, thereare nan y background eventsin
the final sanple. The renaining backgrounds are estinatedto be; the radioactivitiésthe
detectorwater,renaini ngspallationvents,and renai ni ng y-ras fromthe PVMIS  and the rock
surroundi ngthe detector.The netho d toextractthe 8B sol arneutrinosignalwillbe expl ai ned
inSection. 6.1

In K g. 5. 8the number of events i ncreasesrapi dl ybelov 6. 5MV. This iscaused by a lox
energy background source. The radioactivitiesnthe water domnate belw 6. 5MV. In Super-
Kam okande, the domnant radioactivitiese caused by 3-decay of 2'*B ( end poirt energy
= 3.26MV ) originatingdrom???Rn whi ch soneho w sneaks i1to the detectorwater. The end
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Data: May 31, 1996\ June 23, 1997

| Bad run subtraction |

Y

| Raw Data (Livetime 306.3day) 3 x10°

total charge < 1000p.e

Event status cut

OD cut

Noise event cut 1
Flash PMT event cut

Y

| Vertex reconsturuction |

2131 x1¢°

Timeto prev. event > 2Qus  1.861 x 1d°

1.827 x1¢
1.661 x16°
1.655 x16°
1.648 x16°

very low-energy event cut  1.036 x 1

goodness of fitting cut

1.025 x10°

pre. fiducial and energy cut 2.383 x 1P

Noise event cut 2

Spallation cut

Fiducia volume cut
(2m, 22.5kt)

v

Energy cut
(6.5-20MeV)

Gamma cut

| Final datasample |

Figure 5.7: Summnary of event reductionThe numbersint heparemhesiareforMC ®B solar
neutrinevents(~ Syear) whi & have survied af t efiduci alvol une and energycuts.

1.208 x 1¢°

743517

437580
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point energy isactuallylower than the energy threshold, however, itissneared due to the finite
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Chapter 6

Results

6.1 Extraction of Solar Neutrimo Sgml

After data reduction which is explaired in Chapter.5, there stillremain mn y background
events. The rext step isto extract a solar reutrito sigml from the firal data sample.

In Swp er-Kamok ance, recoil electrons from ve—wve elastic scattering isdetected as describ ed
in Section2.4. Te direction of the recoil electron has a strong directioml correlation wth
imciden t direction of the paren t ®B solar neutrio. Th amgle between the solar direction and the
scattered electron direction isdefied as “Og,," (Fig6.1), and the exp ected cos Osyy distribution
of 8B solar reutrimo  events isshow inFg6.2.

the SUN

Super-Kamiokande detector

Hgre 6.1: Defnition of 6y

A the bac kgromd  events inthe fiml sample com  from radioactivities inthe detector water,
radicactiv e spallation pro dicts, and ~-rays from the rock swrounding the detector, their cos Oy,
distribition are exp ected to be isotropic inthe first appro ximation

In order to extract ®B solar reutrimo events from the fiml data sample, this difference ina
co8 By distribtion iswed Hgre 6.3 show a cos Oy, distribition of the fiml data sample. A
clear peak isotserv ed inthe direction of the Sm ( cos Oy, = 1), Wile the bac kground events
distribite wiforrhy . Th s, ore can obtain muber of 8B solar reutrimo  events by fiting the
dhta, assuing sigml( Hg6.2 ) ps bac keround

In this fitting, a mxim um lilelilbod mtho d iswed Te pobahilit y fuxction for the lileli-
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hood consists of bot h si gnaland background parts,whi ch are functionsof recoi kel ectromenergy
E. and cosfy,;,. The probabiliy functionforthe signalpart shown inFig. 6. 2P 4 (Ee,cosfsm ),
isderied fromour MC simil ationbased on the standard sol arno del (SSM of Bahcall and
Pinsonneaul t (BP95)[9. The MC simul atoralsoincludesdetectorresmnse as wellas propaga-
tionof the recoilel ectron nthe waterand of the resul tah Cerenkov photons.

Probabiliy functionfor the background part, P, 4(FEe,cosfsy,) depends on the shape of
background distributionlf the distributionf t he background isperfectlysotropicthe cosbsy,
distributiofior the background part should be flat. Yet, there mght be possibl eanisotrop
inthe background shape. Hence, one adopts a nore conserwatiwe approach. The background
shape isfit inthe off-signalregionwith a 4"~ degreepol ynomal in3 differert energy regions
separately 6 to7 MV, 7tol0 MV and 10 to20 MV. Systematicerrorsoriginatingromthe
non- flat background estinationare summarized inTable. 6. 1.

In order to obtainthe number of 8B solarneutrinoevents, the final sanple isfit with a
combi nat i onof these probabi liy functions;

P(E,,co80su,0) = o X Py g(Ee,cos0gy) + (1 — ) X Py 4(Fe,cosOsun) (6.1)

where o isthe fractiowf®B sol arneutrinoeventsinthe final data sanple which istobe deried
by the naxi mum 1iklihod netho d.

It should be noted that the paraneter o depends on E., because the ratioof signalto
background(S/N ratio)isa functionof E.. Hence, the probabilig functioniscalculatedfor
the 16 E, regions,where the binsizeis0.5MV inthe 6. 5~14MV regionand 6MV inthe
14~20MV region. Then, the defini tionof the probabiliy functioni nEq. 6. lisno dified as

P;i(cosOsun, ) = v X Py g i(c0805m) + (1 — ;) X Py g {c0osOm) (6.2)
N£lata y NlMC
NiData NGJ%C
where N; isthe number of events inthe i-th E, bin, Ny; isthe total number of events( =
ZlNe”e N; ), Nene (516 inthisanal ysis)isthe number of E, bins,and superscripDataand MC

represen the final sanple and ®B sol arneutri noMn te Girlo events,respectiel y
The 1iklihod functionisdefined by

o; = o X

(6.3)

Nene Nj
L(a) = H HP‘,i(COSQSW,Oé) (6.4)
(A
Figure6. 4shows the L(a) distributioaf the final sanple. A val ue g, which naximzes L(«)
iscal culatedThen, the number of B sol arneutrinoevents (V194 is:

NI = gy x NJO = 4395 (6.5)

6.2 Solar Neutrino Flux

Based on the netho d detailedin Section. 6. 1the ®B sol arneutrinosignalisextractedas
shown inFg. 6.3. Dring 306. 3 detectorlie days, the number (NJ%4%) of obserwd electrons
6. <E, <20MV ) scatteredy 8 B sol arneutrinosi nthe 22. 5kt onfiduci al vol une is:

Data ans 4114 1444
Nsg* = 4395 108 (stat) 154 (s 15 t). (6.6)
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Figure 6.4: The likelihood distributionof final sample. Horizontal axisrepresents «, and vertical
axis represents lilelihod.

where stat. stands for a statisticalerror and syst. for a total systematic error. Individual
systematic errors will be discussed laterin Section. 6. 5.
This number corresponds to B solar neutrino flux( pPe®) of

8By
40 .25
—0.09

gPate — g4y PO 4y

—0.06 (syst.) [x10% em™257"] (6.7)

whic h should be compared vith the theoretical fixx ( ¢55" ?7%% ) by SSM[9]
P oMBPY = 6,62 10 .93 (theo.) (6.8)
—1.12
Then, the ratioof the observed fhixx to SSM prediction9 is

ol =0 S0 ) S0 e S0 ) 09
Ifone setsa higher analysis threshold energy, e.g, TMV, the resultsabove will change to
NData — 3696 *i?? (stat. ) J_r?’fi’o (syst.) (6. 10)
gPata _ 9 45 *_90:82 (stat. ) *_90:(2)3 (syst.) x 105 em 25" (6.11)
¢S¢;%Z% —oan 000 (star.) B0 (yst) OO0 (thea ) (6.12)

They are comsistent with those for 6.5 ~ 20.0MV. The deficit inthe B solar neutrino fhx is
confirned. Tt should be stressedthat the neasuwred ®B solar neutrino flux isconsistent with the
Kaniok ande-I T4 II result (F, >7MV)  of 2.80 4+ 0.19( stat. ) 4 0.33(syst.)[x10%em =257!] within

lo.
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6.3 Day-Night Vari ati omof Solar Neutrino Fl ux

As described in Section2.3.2, ore of advantages of the Sup er-Kamiokande detector is real-
time measweren t of the ®B solar reutrimo sigml. Hence, ore can investigate tine variation
of the reutrimo flux. When the MSW effect( see Section2.3.2 ) is comsidered the reutrim
oscillation probahilit y of B solar neutrinos dep ends on path lemgth and electron dersity profile
of the redium which the reutrins go tlrogh  Therefore, regereration of ®B solar neutrinos
by the MW effct inthe Earth ispredicted| see Fig.6.5).

Z
~ 1
7'l Day
3 Horizon
&56 08 [ r
E o7 [ Super-Kamiokande L
z detector
3
06 —
0.5 ;
[
0.4 ;
oo Doy NI N2 N3 N4 NS

the earth

02 |

01}

cosd,,

Rgwe 6.5 Bop ected day/night B solar reutrimo fix variation asswing —sin® 260=0.631,
Am?2= .0 x 1077, respectively. The right figwe depicts the defnition of Day and N;-Nj in
the left figwe. The defnition of dgyp is described in Hg 2.17.

A possible day-night variation inthe ®B solar reutrino fix would be free of variows systematic
errors, e.g, solar m del dep enderce, erergy scale amhiguity, lone-term gain stahility of the
detector, etc.

In this amlysis, the data are divided into daytime(149.8 days) and nighttine(156.5 days)
samples. Te daytia or nighttira samples are taken while the Sm is above or below the
horizon.  In Hg 6.6, cos Oy, distribtions (6.5< E.<20MV) for the daytime and nighttine
samples are shown  Ater the bac kgromd subtraction (see Section6.1), the daytim fhix (
PP Pty and the nighttime fix ( prvight Data ) are maswred to be;

8Bv 8By
Gy Dot — 940 +0.09( stat ) J_“S:O?;L (sys.) [x10% em™2s7] (6.13)
paright Data 9 48 +0.00( stat ) *_90@ (sys.) [x10% em™2s71] (6.14)
Te diffrence between them is:
% = —0.017 % 0.026( stat ) 0.017( sys.) (6.15)
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Figure 6.6: cos g,y distributionf daytimedata(left)and nighttine data(righ) whid corre-
spond to149. 8and 156. 5days, respectiel y 6. KE,<20MeV and t he fiduci al vol une is22. 5kton.

The quoted systematicerrorinHEy. 6. 15speci ficto the dayh/ni ght flux ratiowillbe discussedin
Section. 6. 5This resul ti ndi cates hat therehas been no signi ficah Day/Ni ght di fferencei nt he
8B sol arneutrinoflux so far.

Furthernore, the nighttine sanple isdividedito 5 sub-sanples ( Ni-Ns, see Fig. 6. 5for
defini tion). The cosfsy, distributionsf Ni-N; sub-sanple are shown inFig. 6. 7.Then the flux
of each sub-sanple isshown inFig. 6.8.There isno evidencefora possiblalay-night variation
inthe 8B solarneutrinoflux. The inplicationnFig.6.8,as regardsthe MW effect, willbe
di scussedi nthe next chapter.

6.4 Energy Spectrum of Solar Neutrinos

Anot her advant age of Sup er- Kam olande isthat t he energies (E) of recoi klectronscattered
by ®B sol arneutrinoscan be neasured, as isdescrild inSection. 2. 4Since the MW effect is
dependent on neutrinoenergiesa possiblalistortiomght be observed inthe energy spectrum
of recoilelectronsscatteredby them A study of energy spectrum shape of recoilel ectrons
provi desa good testforthe MW effect i ndependent of sol arno dels. For exanple, inFig. 6.9,
a distorteds wellas reduced energy spectrumby the MW effect i sshown.

In thisanal ysisthe final data sanple isdivideditto 16 subsanples inthe E, distribution.
The binsizeis0.5MV inthe 6.5 ~ 14.0 MV region,and 6 MV inthe 14.0 ~ 20.0 MV
region,respectiely Then, the ®B solarneutrinoisextractedbin by bin and, the neasured
energy spectrumof recoilelectrond sshown inFig. 6. 10.The errorbarsincludebothstatistical
and systenaticones, and the bl ack thi & bar represemiscorrel atedystenaticerrorwhich cones
fromuncertaitiesi nabsol uteenergy scal eand energyresol ution(se€able. 6. 1)The statistical
and systenaticerrorsare stiltoo largeto draw any defini te concl usi onfromthe figure. The
inplicatiomf the obserwed energy spectrumto the MW effect willbe discussedinthe next
chapter.
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data. The error bars include both statisticaland systematic ones. 6.5<E.<20MeV and the
fiduwcial volune is22. 5kton. The null neutrino oscillatiomase isexpected to be a constant 1ine.
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FHgwe 6.9: Fxp ected energy spectrum distortionof recoilelectrons as a function of E.(MV),
assuming SSM ppos[9] and (sitf 02, Am?) = ( 6.31times10~3, 6.31x1076 ). The verticalaxis is
normalized by the recoilelectronspectrum assuming the null neutrino oscillatiorcase.
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Figure 6.10: Measured energy spectrum of recoilelectrons. The horizontal axisisrecoilel ectron
erergy(MV), and the verticalaxis isthe ratioof Data/SSM ppgs. The thick lineinthe error
bar represents a correlated error originating from uncertaintiesin energy scale and resolution.
The null oscillatiomeutrino oscillatiorncase isexpected to be a constant line.

6.5 Systematic errors

As possible sources of systematic errors, the following 10 sources are considered for the
estimation of the systemtic errors.

Energy scale and resol ution Systematic uncertaintiesin energy scale and resol ution have
been already described inSection. 4.5. Errors comng from the wncertaintiesare estinated
by putting artificiallythe uncertaintiesinthe 8B solar neutrino M.

Trigger effici ency The trigger efficiency is estinated by Ni calibration data and the un
certaitties are estinated by conparing it with or N MC simulation, as described in
Subsection. 3.8.2. The discrepancy is+1.2% for E,=6.5~7.0MV and +0% for E.>7MV.

Noisecut “Nise cut” stands for the event reduction criteriadescribed in App endix. C1 and
C2. The uncertainty inthe reduction criteriais also described in App endix. C2. The
mxim um deviation of the reduction factor between our B solar neutrino MU simmlation
and the data( typical “spallation” events ) which isestinated inApp endix. C2 and isde-
scrited inFg. C9, is40 .7% above 6. 5MV. It isconservatiwel yenpl o yed inthe systematic
error.

DirectionThe systematic errors caused by the uncertainty inthe directionreconstruction of
lowenergy event are estimated by conparing our original ®B solar neutrino MC simmulation
vith 8B solar neutrino MC simmlationartificiallydistortedwith respect to the directional
resol utiondata.
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Reduction The uncertainty inreduction efficiency iscaused by the flash tube event reduction
criteria. The wuncertainty isestimatedby the difference between Ni calibration data and
MC( 8B solar neutrinos and N calibration).

Non-flat B.G. Bic kgroumd shape is considered nonflat, i.e. approximted by a 4'-degree
polynomal finction inthe 8B solar neutrino signal extraction. The wmcertainty camsed by
the background shape isestinated by the difference insignal assuming non-flat and flat
bac kground shap es.

Dead time(spall atiorcut ) The systematic error caused by the spallationcut for Day/Ngh t
variationstudy isestimted wsing “randomtiming sample”( see Appendix E ).

Cross sectionlhe uncertainty of the neutrino-electronscatteringcross sectioncomes fromthe
uncertaintiesof the Weirberg angle and the radiatiw-correction.

Live tine & described in Subsection. 5.2.1,the detector lie tine iscalculated by an offline
process( TQreal ). Another way to calculateitisto use the cosmc-ray muon or lowenergy
event triggeredtine. The uncertainty isestimated by the difference between the two lie
days.

Then systematic errorsrelatedto various analysis are sumarized in Table.6. 1.

‘ Flux Dy y/Ngh t Fergy Spectrum
Fergy Scale +9.9 .2 See Hg 6.10
& resol ution -3.1 -1.1
Trigger effii ency 0.2 - 6.5~7.0MV: .2
other: 0
Noise cut +0.7 - +0.7
Drection H.7 - +0.7
Reduction +0.2 - +0.2
MNn-flat BG. +0.5 Al,Dyvy-all,Nght-all:+1.0  6.5~7.0MV +3.0
hy 1-4, Nght 1-4: +£1.0 other: 0
D, N: 1.6
Pad tine(spallationcut) | <0.1 +0.6 -
Vertex Shift -1.3 - +1.0
Gross section +0.5 - +0.5
Live tine +0.1 +0.1 +0.1
Total 0.1 D-4,N-4, Al, D1, Nll: £1.6 See FHg. 6.10
-3.5 DN .1, -2.0

Table 6.1: Sumary of systematic errors. The correlated errors that cone from energy scale
and resol utionuncertaintiesinthe analysis of the recoil electron energy spectrum isshown in
KHg. 6. 10.
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Chapter 7

Discussions

As seen in Chapter.6, the deficit in the ®B solar reutrimo flux is confrmed by 300-da y Sup er-
Kamok ande data. In this chapter, the experimn tal statws of solar reutrino experimn ts is
sumarized  first. Then, som key-points, lile how MSW effect is incorp orated into owr M

simulation are hriefly described Susequen tly, a possible MW  effct wll be studied based on
the Sp er-lamok ande results described in Qapter.6 including;

the daynight variation in the rewrino fhx, the erergy spectrum shap e, and the combination
of the two plis the alsolute valwe of the reutrimo fhix This thesis wll mt deal with possibe
long-term tima variation inthe reutrimo fhix and vacam reutrimo oscillation scenarics whic h
wll be later studied by other collaborators.

7.1 Interpretation of Results from Solar Neutrino Experinen ts

Te maswed solar meutrimo fhixes by curent solar reutrino experimen ts are listed in
Tabe.7.1.

Experimn t Olserved fhx SSM gpgs predictignData/SSMgpos
Homnest ake 2.55 4 0.14 + 0.14% 9.3717¢ 0.273 + 0.021
Kam ok ande-IT+IIT | 2.80 +0.19 + 0.33° 6.627 15 0.423 £ 0.058
SAGE 69 + 107, ¢ 0.504 =+ 0.089
GALTEX 69.7+6.772 ¢ 137% a 0.509 + 0.059
Cbm bi ned 69.5 + 6.7° 0.507 = 0.049
| Super-Faniokande || 2.44 +0.06%75° 6.627 50 0.3687%, 038

® Inunitof SNU

b ITnmit of 108em2sec™!

Table 7. 1: (bserved sol arneutri nofluxes by currert sol arneutrinoexperi nents

The B sol arneut rinoflux obt ai nedby Sup er- Kam okande isconsistenwi ththat by Kani ok ande-
ITHIT withinl 0. The deficitinthe solarneutrinoflux obserwd by the five experinents is
unaccountabl einthe franework of the standardsolarno del (SSM. An alternatievsolutioms
the MW effect. If neutrinoshave snall fini te nasses and fini te m xi ng angl es,they undergo
oscillatiofiswomone flavor to another. Insuch a case,itiswell-kman that neutrinooscillation
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in matter(the MSW effect) seera to be ore of mtural solutiors by which the data of the five
experiman ts can be expaired Several physists have already studied the MW  effct wing the
results from the solar reutrino exp erimn ts other than the 300-da y Sp er-Kamok ande data. A
recent work by Hata et.al[18] has been already shown inFig2.18 In this thesis, a possile MW
efect wll be tested based on the 300-da y Sup er-Famok ande data

7.2 How to incorporate MSW effect

Ore numrically calculates the two flavor oscillation of reutrimos  from the center of the Sm
to the Sp er-Kmok ande detector for diffren t reutrino oscillation peramters(sin 2260, Am?).
The peramter region of 1075 < sin?20 < 1and 10° < E/Am < 10'0 isdivided into 51x71
points. In order to deal with resomance rmear the core of the S, diffren t 8) points in the core
regionl R/Re < 0.31 ) are wed as the prodiction points of ve inthe case of the paramters of
1074 < sin?20 < 1and 1046 < E/Am? < 105!, Te dstribtion of the pro diction points of
reurims inthe Sm istaken from Rf.[9]. e propagation of rewtrims inthe Sm isobtaired
from numrical integration of Ky.2.29 comsidering the electron dersit y distribition in the Sm
Te electron dersit y profle( Hg 22 ) intle Sm istake from Rf.[9].

Upon exiting the suface of the Sm reutrimo oscillatiors in vacum are calcudated Hre |
the electron dersit y isregarded as zero, and the propagation of the reutrino wave fuctions are
given by

ve(Ro + L) \ _ [ cos 7= +icos 20sin 7l —isin2fsin - ve(Ro) (71
vu(Ro +L) | —isin20sinF- cos T — i cos 20 sin 7 vu(Re) '

were R istle solar radits = 6.96x10'%cm L isreutrimo travel distamce from the solar sirface,

and L, isvacmm oscillation length( see Hy2.26 ). To take accom t of seasomal variation in the

reurimo fix de to the orhital eccentricity of the Earth, whic h contributes to ranmdomzation

of the phase, the wave fuxctios of reutrinos are calcudated at L = 0.10L v, 0.20,Lv, 0.30L v, ...,
LOLv (10 points). Te rewrimo oscillation probahilit y inthe Ewth isalso nuarically calcuated

wing K229 at each I{ 10 points ). Te ascillation probahilit y in the Ewth is calculated at
008 Ogyn = 0.00, 0.05, 0.10,....,1.00 ( 21 points ), and then averaged according to the detector

live tima for each cos dgy, - Ad then the average of the oscillation probahilities of v, at Sp er-
lanmok ande istaken It shoud be moted that the oscillation probahilities for the amlysis of the

day/migh t effct are mt averaged over cos dgp .

7.2.1 Day/Night effect

To mk e a qun titative comarison between the data and an exp ected sigml from possible
Day-Night variation in 8B solar reutrim fix assuing the MW  solution , the followng x?2
is calcilated at each (sin®26, Am?) wing the ®B solar reutrimo fix olserv ed in the daytine
sample and 5 nighttima subsamples shown inFKg6.8

Ndn 2
R,— R ;X o
2 ) MSW,:
Xd = E ! (7 2)
ta ( Odyi )

were Ny, isthe nunber of the day/migh t his( equl to 6 ), R; is the maswed fix ratio in
the i-th day/migh t bin, Rygw ; isthe expected fix ratio inthe i-th day/migh t hin for a set of

N



(sin? 20,Am?), Odn,i is the quadratic sum of tle sttisicdd e o R; ad tle systeatic ana,
ad « is a mmdizaim fata.  Tle paaser « is dterrired o & to give tle rmim un X?m.
T % vdwes btamd fron Eq7.2 dbey te mm  y? dstibtim with two fre prases.

Hare, tle wgas in tle odllaion  prase pgae  ~ith x2 > x2,, +2.8,4.61, ad 5.99 ae
exdubdd & 80, D% ad o C.L., rep ativ dy. Figre 71 dow aan tar o te % CL
edud mwga(Da y/Nig t) didmd by tle 363k y Syp e-Kaik ak dta Te rndm un
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log(sin®20)

Hgre 71 Bdubdd rwgm a 6 U sk o te antar ) m (§n220, Am?) pae
didmd by tle dyhih t ofet adwis in 9p e-lik ae  Alo dow is the  dlo wal
g pemn ted by Ha  ed[B .

X%, vde iseqd to 18 & @n?20, Am?) = 3.5 x 072, 1.5 x 076 fo te I3h y
9p elsik ad  dia

A s in ths figre apo xmdy a Hf o tle lag nxg age sddia{  te fllad
dlowel g intle right ) pesn tedl by Ha ed[B ]iswly edutd by tle adgis

7.2.2 Spectral shap e

Usig tle ey spattun o tle dsav e mal dattos  do wm in g6l adle qm
titdiv e estimtion o the MOV sditim  is eaimd In ths e, tle y?is dfiel by

A e O

i1 Oere,i Or Os

wee Ng, isthe nmbe o the aagy bis( eqd to 16 ), R;is tle msued  flix rdio in tle i-
th amgy hin Rysw,istle ep atadl fix mio intle i-th amgy hin fo ast d (§n?20,Am?),
Oew,i 1s the qaddtic sm d tle sistid e o R; ad tle sgtasic aar emp fa
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that from the energy scale and resolution, « is a free mormlization parameter, ¢, and €, are
wrertain ties in erergy resolution and scale which are assumd to obey Gawssian distributions
wth o, =f§:(7)gz and oy =i41:});‘:, respectively, and f(e,,€5) isa resporse fuction for the hinto-
hn correlated error from wrertain ties inerergy resolution( €,) and scale(es). In calcuation e,
and €z are varied by +3 standard deviatios to obtain the minim um xZ,.. The resut isshown

inFig7.2. Te mrim un Y2, = 7.500 occus at (sin®20, Am?) =0 .166, 6.03 x 1075). Te

_37
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L —
sk Y
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log(am2 (eV?))
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Fgre 7.2 Exclukd region at 95%(imside of the contow) on (sin?260, Am?) pae obtained
by the erergy spectrun shap e masweran t in Sup er-Kamok ande. Also shown isthe allowed
region presen ted by Hata et.al[18]

regiors inthe oscillation pramter plare wth x2,, > Xgmmm +2.28,4.61, and 5.9 are excludkd
at 68% 9% and %% C.L.,respectively. No rew carstrain t is obtaired by the amalysis of the
spectral shap e only.

7.2.3 Combined result

@m hining the otserv ed DayNgh t variation and spectral shap e in the ®B solar reutrim
flix with a corstrain t of the alsolute fhix mnormalization, the MSW soluwtion is also examred
In this case, the x? is defired by

Ndn Ne'n.e 2 2 2 2
R; j— Ruvsw,i, X o X f(€er,€s €r €s 11—«
oo = D D ( j MW7, ( )) + (—) + (—) +< ) (7.4)
7 7

iy Or Os Oq

were  Nepe is the number of erergy hims( equal to 16 ), Ng, is the number of the daytim
and nighttire samples( eqml to 2 ), R; ;isthe maswed fix ratio inthe 4-th erergy Hhin in

%



daytime( j=1) or in righ ttin{ j=2 ), Rysw,i; is ke expectad flux mtio fa a st o (sin? 26,
Am?), 0;; istle quddic  sm o tle sdisid e o R;; al tle setestic ar exq  fa
tht fran tle aagy sde ad mwsddi;m ad «, €, €, ae watdan  ties in fix mdizaion
ey redition ey sde 1esp ativ dy wlich ae asual to dey Gasian  dstrihtias
wth o, =ﬂ%‘:, o =i40:(7)§, , O =i41:});‘: ad  f(er,€5) is a rep ae  futim  fa tle bnrtohn
adael  ar  fran watdn s in amy  reddia{  e) ad sAe €). In caldig  tle
fim wn x2%,.,, @ is vaied foan 0 to 5, ad ¢ ad €, ae vaied by +£3 stadrd  digtias.

Tl nim wn 2, =3LB oms & (En220, Am?)=0.66, 1.8 x0 7). T mgas in
tle odllaion  praeer pae ~ith X2, SXgmrm +2.8,4.6l ,ad 5.99 ae dlowel & 0,
Wo ad B0 C.L., rep ativ dy. Te dlowed g is o wm in Fig7.3 To &ig into Hg73
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Bsdar muim fixk Ao dow istle dlowal mgm  pem tel by Haa e.d[8 ].

asgdl rgm in tle mmaddstic sditia{  sin220 ~ 0.00 ) is futr edubd  in adltim  to
apo xmdy aldf o tle lag age sditia{ aond sn220~0.6).

7.3 Future Prospect
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determinationuncertainties. Therefore, it willbe re-examned interms of the energy spectrum
shape and the day/night effect assuning a nullexperinen tal systematic error and 4-year detector
operation of Sup er- Kanmok ande.

The expected excluded region on the (sirf 26, Am?) plane isshown inFig 7.4on the as-
sunption that the parent function inthe x? obeys the null neutrino oscillatiormase.

.37

Hataet.al allowed(95%C.L.)

log(Am? (eV?))

[ Spectrum Excluded(95%C.L.)

L Day/Night Excluded(95%C.L.)

8L v b e b b e e e e by
-4 -35 -3 -25 -2 -15 -1 -05 0

log(sin?26)

Fgwe 7.4 Expected excluded region on the (sirf 26, Am?) plane assuming 4-year detector
operation of Sup er-kanmok ande and null experinental systematic error.

Hther of the currentlyalloved region presented by Hata et.al[1§ can be excluded at nore
than 95%C. L. ,inother words, be explorable. Therefore, further efforts to reduce the experinen
tal systematic errors, especiallyone fromthe energy scaleuncertainties,willlead us to a critical
result to unequi vocallyconclude the existence or the non-existence of the neutrino oscillation.

Another promising experinentisSudbury Neutrino Observatory(SN)[39 |[4( whic hisunder
construction and will start itsobservationin1998. In the SNO detector, 1000 tons of pure DoO
and 7300 tons of pure HoO are used, and the solar neutrinos are detected by the follwing
reactions:

l.ve+d — p+p+e
2.0, +d — vpz+p+n
3. vp+d — vy+e

4.UV,+d — n+n+e

(7.5)

vhere v, means 1., v, and v;. The most irterestingpart of the SNO detector is that the
detector can neasure the total flux of solar neutrinos using the neutral current(NJ reaction(2),
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even if the electron neutrinos produced at the solar core transform into neutrinos of another
flavor. This NC reaction rate can be used to normlize the charged cwrent(() reaction(1)
rate independent of the solar mo dels, and the C/NC  ratioisused to examne the neutrino
oscillation. Another wmique capability of the SNO detector isitsabiliy to neasure the energy
spectrum of the electronneutrino preciselyinthe reaction(1).
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Chapter 8

Conclusions

The 8B solar neutrino fux( Eyecoif electron > 6.5MeV ) is measwred by Sup er-Kaniok ande
based on 306.3-day data from M y 31, 1996 to Jurne 23, 1997.

The total nmumber of recoil electrons scattered by 8B solar neutrinos detected diring the
detector lie days anoun tsto:

4395 7108 (stat.) 2, (sy st.) events. (8.1)
The observed ®B neutrino flux is:
2.44 + 0.06( stat. ) ™25 (sy st.) [x105em 25 71], (8.2)
whi ch should be conpared wth the standard solar mo del prediction(BP95)[9]:
6.627% 93 (theo. ) [x105em ~2571], (8.3)
The ratioof the observed 8B solar neutrino fhix to the expected thx (B95) is:
0.368 5,9 st 4053 (o t.) 4 053 e (8.4)

The measured SB solar neutrino flux isconsistent with the Kaniok ande-TT+IIT resul ts(280 +
0.19( stat. ) +0.33( sy st.)[x10%em =25~ )within 1 o, and the deficit inthe 8B sol ar neutrino fux(
solar neutrino puzzle ) is confirned.

The data sanple isdivided into the daytine and nighttine sub-sanples, and the difference
isexamned. No significant diflerence has been observed. Bised on the difference, the neutrino
oscillatiorhypothesis incorporating the MW eflect istested and sone new region isexcluded
from the currently alloved region on the (siif 26, Am?) plane presented by Hata et al.[1§. A
nore preciserecoil-electromnergy spectrum than inkKamok ande isalsoobtained H wever, it
alone, does not lead to a new constraint to the MW solution The combined analysis excludes
another new region.

The problem of the solar neutrino puzzle isstillmsolved. B wever, with efforts to reduce
the experinental systematic errors, it isexpected to be clarified by analyzing 4-year Sup er-
kKamok ande solar neutrino data whether solar neutrino puzzle isdue to possibleneutrino oscil-
lations or not.
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Appendix A

Vertex Point Reconstructi on(
Low-energy Events )

In this section, a vertex position recorstruction metho d is described for low-erergy( typically
~10MeV ) electron events. The description comsists of the followng 2 steps; 1) hit PNT' selec-
tion, 2) vertex point search Quality of the vertex fitting isstudied as well.

A.1 Hit PMT selection

Te recorstruction mtho d wses position and relative timing information of hit BVE. A
typical timng distribution of hit FWE  in a lowerergy event isshown in Fig. Al, vhere ore
sees random off-timing 1oise as well as a sigml peak made by Cerenk ov photons.  Te moises

2T SRS S
I I I
1o fodee (R S T T
: B LT N S T
I I I
SO S N 1 R N N LI R .
Noise hit 1
S T 1 T ]
1 1 1
I I I
2 *‘1‘ ****** } ****** H ******
. Lonndh o,
1400 1600 1800 2000
Time (nsec)
1
; t ] >
tl tz t3 t4

Hgwe Al A typical timing distribwtion of hit ?WE by a lowerergy event(Data). #; isthe
tim of the first hit INI'  after 500 msec, and %4 isthe tim of the last hit INIT ¢y ~ t3 isa
sigml region described inthe Ist selection criteriaof hit BNB.  Therefore, hits in#y ~ t5 and
t3 ~ t4 are regarded as mise hits.

are gererated by dark curent of BVE.  In order to mnimize the moises, ore selects hit FVEB



S0 as to maximize an estimator “significarc e”. The definition of “signfc ar e” isas follows;

e

N.;
significame = ——2— (A.1)

V Nnoise ’
Npise is tle numbe o wise lits in asigml rga( se FigA2), ad Ngg is tle nun ber

d lits intle sgd rgm dte mise sbractiaf HgA2 ).

D’;‘ + @frﬁ:'\faﬂ

Nyg

-NOoi se

signd

ty t, ty t,

Bgre A2 T dfitim d sigd ad wise hts #, fo, f3 ad 4, ae tle sam & in HgAl

Te atd Hatim aitaia ae dtdlal  bdow

1

Sdet a DO mc tim vwmb w wic h ideds tle mm un nunbe o Lit PME se
HgAl ad HgA2 ).

Estimte  tle nun bea d mise Lt BKE in tle deted tim vimb w In tle estirio
tle fdlo vng eqution  is wad

Npef + Noji
(12 —t1) + (t4—13° (49
dme Ny ad Ngppae tle nmbe o lit BXE int; ~tpad intz ~ t4, 1e5p ativ dy(HgAl
ad HgA2.
11 tm sbimb w wth sz & D xylIl( = 12...,1) ae «sidrad T a tim
sibvmb wwic himdws tle mim un num bea o Lt BE is sac led in tle sdeted
e tim vmb wfa ec hsbumb  wsie At ths Sgifae wic his dfied
in gA1  is dalaed  fa ec h shimb  w sz
Slat  a sibtirg Wb w dic h mdne the ‘Sigifiae’
However if thae is a wdr tim sbvimb  w wic h stisfes

Nuise = (t2 — t3) X

(simgi if c an)ce(simi if c ange x 0.8, A3
tle vdr tim sbhbimb wis ego yel
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Then, vertex positionreconstructionisdone withPMI3 inthe selected timewindo w

A.2 Reconstruction method

The path length of an electron from a solar neutrino irteractionislessthan 10cm The
spread of the region where Cerenkov photons are emtted isnegligiblein conparison with the
vertex resolutionof about 70cnf 1o at 10MV ). Therefore, one treats the vertex as a point in
the reconstruction

In an ideal case, the principle of vertex positionreconstruction isto find a positionwhich

mnimzes an estinator
Nhit

T2 = Z t12"es,i7 (A 4)
=1

vwhere Np;; isthe number of hit PMI' selectedinSection. A1 and ¢,e; isthe residual tine of the
i-thhit P\I'  after subtraction of photon TOF . tresi 1sexpressed by the folleing equation

n

troi = tim o xf(@— @)+ (-9 + (- %) —te (A5)

= ttof,i - tc (A 6)

vhere t; isarrival tine of photons ini-th PV n isrefractionindex of water, ¢ isthe ligh
velocity in vacum (v, z) is the vertex positionto be decided, (x;,v;,2;) is the positionof
the --th PNI'  and £, isthe peak inthe #;, ; distribution. Eq. A4, however, does not take into
accoun t of a finite tinming resolutionof the PMI' shown in K g 4.8. Instead of K. A4, a new
“goodness” isintroduced by

N Sp s (47
I
vhere o; istimng resolutionof the i-th PVII  Fac h o; isinherentlyPVEdep enden t, however,
itisset to < o >=bmsec. 'The best fit point yields the largest value of “goodness”. The reason
can be shown by foll@ing expansion at t; =~ T

goodress =

goodress ~ E — (1 - —
Y 5o} 207
1 1 1

= 11— ——x — d A8

51 27002 49

That is,to mximzing goodness isidentical to minimze the famliar y? value. h the other
hand, ¢;’s whic h are far away from the nean value ¢, by nore than 2x < o > can only nak e a
smll contributionto the goodness.

A grid-seardh netho d? isused to search for the point where goodness becones mnaxim um
The initialpositionisgiven by (7 y,z) = (—1590, —1590 , —1710)[coh. The mnimum gridsize
isbcm

!Time Of Flight from aittel  to dtectiaa by PMT

tis ae o gwal mwho  d fo wlie fittig Fa exaple se “DATA REINVCTNN AD HR @
M., YSIS F®& HE HBHEA STEXES , 150,199, by MGra w-Hl, I
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A.3 Quality of reconstruction

To estimate the quality of the vertex paint recomstruction man tiored, data taken in Nidkel
calibration rus described insec 4.5.2 are wed In Fig.A.3,the vertex position distribution of
recastricted  y-ray events from (N+Cf ) sowce are shown togetber wth MC simulation were
(N4@ ) sowce isplaced at the center of the detector, i.e. (z,y,2) = (35.3,—=70.7,0.0)[cth A

n C L
- C o E
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< 750 F s %
e . 2000 F 1
5500 [ - \‘LL
B 2 :
€250 F 1000 ¢ &q‘
c o C
O L TR 0 T . D L1 [ ! N 1 1
—400 -200 O 200 400 —400 —200 O 200 400
X (data) X (M.C.)
1000 F -
2 3000 F d
750 F - @
F g% 2000 F
= TN
250 E i 1000 &
AR N NN
—400 -200 O 200 400 -400 —200 O 200 400
Y (data) Y (M.C.)
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- 2000 F
250 F 1000 F &\i\
O :\ P %m el I O :\ [P, | I A P | 1
—400 —200 O 200 400 —400 —200 O 200 400
(em)
Z (data) Z (M.C)

Fgwe A3: Vertex position distribtioss of recorstricted ~-ray events from a N calibration
rux for cata(left) and Mirigh t)

smll systemtic shift isolserv ed Ten the possible vertex shift ismaswed at several positioms
in the detector, as sumarized in Table.Al, were the vertex point isthe man valwe of the
Gassian fit and o isome standard deviation Te systemtic shift of the recomstricted vertex
point from the real source location is estimated to be 16cm at mst and much less than the
standard  deviation

From this figwre, itisconcludked that the vertex position and resolution are well repro duced
inthen MU simulation
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positim(x,y ,z) Az | Ay | Az O oy o o
(35.3-70.7-12(00) -3 | 27 -30 4798 | AR 466 | 158
(&H3-1070 a7 | -05 -19 41 923 28 112
(H3-0710) 10 |7 | 10 |68 | &7 |48 | m6
(B3-107 160 -06 | -28 | -100 LB 449 4“6r 1.6
(53-1)-173) 24|70 | 70 |69 |46 |40 | m7
(H3-10,0) 11 160 | <11 |20 |86 |@n® | 180
(:3- 120, 127) 6 | 00 | 20 | 87 |4® |87 | 104

Table A.l Vetex poitim shift ad redutiaf 1 stadkd  dvigiom ) in uit d cm mesuad
& sevead paitias in tle dteda



Appendix B

Reconstruction of track direction(
Low-energy Events )

B.1 Reconstruction Method

A maximum li & i bd character byeh€er eakr i nppt t ement ldai sa do ptteal
reconsttlhlddtrecbﬂ(wnenerglyectereoﬂn.Alie]liolidiunct(ilc(?))isieﬁned
by :
cosf
a(6;)’
whe rteherobalifluintc t f(64p ;) ,andg, ; areepi citalkl g. Bahd; i photon
i ncitdemglodt ha - tPMT, “%) is qoppae futim o petectle @0 vane T

' cosb;

L(d) =3 log(f(co stlir) I (B. 1)

Relative Probability

i-thPMT

Bdri,i

particle direction
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degree

Fgre BL T ldt fgre illstaes te dfitim o 04, Te right fgre dow a@ak ov
fom  dtatim  pditilit  y & a ftim o peaig age o @ak ov light petas( age
with rep et to tle prtide trc k dratia).

fudim  f(O4r ;) in EgBl  is dtawed by a NI simdaim fo 0MV  detios Iddly | tle
bad pdablit  y futim  wald lave asap pek a 42° aresp adig  to tle @ak  ov light



emission angle in water by a relativisticcharged particle. However, smearing due to the electron
multiple Colom b scatterings and (érerk ov light scatterings in water have to be corsidered

The direction is determred by a maxim umlik elilood metho d To find the maxim um
lilelilood valwe, a gridsearch mtlho d(footmte A.2)isas wwl emlo yed too. Te step sizes
of the gridsearc h are 20°,9°,4°,1.6°. The initial direction isgiven by a vector sum of hit-PMT
direction vectors maswed from the recorstructed vertex position

B.2 Quality of reconstructi on

Te qulity of the direction fitter is estimated by LINAC data taken at four different en
ergies( 8.826, 10.9609, 13.6666, 16.301 MV ) wth the beam end cap located at (z,y,z) =
(—1237 , —=70.7, +128)[crh. ~ Figwe B.2slow the distribtion of the angle between the direc-
tion of the electron from IINA C and the recomsstructed direction together with a IIN\ C NC
similation The diference between real and recorstructed amgles isde minly to electron mul-

angular distribution for each linac energy
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FHgwe B2 Distribution of the arngle between the direction of the electron from IIN\ C and the
recarstructed  direction The solid lines represen t MU and the crosses represen t IINA C data.

tiple @uom b scatterings in water. A& seen in this Hg B2 the MU repro duces the IIN C
data correctly. Using this M the directioml resolution at variows position and erergies are
estimted, as are showm in HgB3. Tey denmstrate that the angular resolution beconas

worse wen the distance from the wall isless than 2m i.e. outside of the ficial vol um.
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Appendix C

Noise cleaner

C.1 Vertex Position Qeaner

In this chapter,a methal toeli ni nated sfit E wrongvertexpositiomwventsisdescridil.
The mi sfitiscausedby a randomcl usteof hi t PMT5s inthesel ectetdi me sub-wi ndov ot her
thantruesignal An exanpl ei sshown i nFig. C. lwhere,a clusteaf hi tPMI5 i sproducedby

?%%g%%%o%ﬂ@
gaes 1770
O B el

FigureC 1: Typical o ener gyevent whi ch wil be removed by t henoi secl eanerLar gedotted
circleepresdistheCerenlov ringreconstructedfongl y) by thel o energyevent fitter.

v-rasenttedromletectomateriale, g. PMI' glassFig. C 9.
Inthismethod, 2 paranetersAl;; and At;; areinreluced,where Al;; i sdistancbetween

1x



Super-Kamiokande detector
OO O

0

0
V/C

Figure C.2: Car t@ no fa typi caii sfitl w-e ner gye 1t .

t hei- t andt hej- t hi PMT( Fig. C. 8ndAt;; i sti meli fler ertbedve et hei- t landt he
j- t i PMI. If t he- t PMT dees n’have ary nei phri nlgMTs whiles at i sXlyg < ljmi

vetex point
O
O ithpMT
© Al
Cerenkov light
O  jthPMT
O

©)

!

Fi gur€. 3:Defini ti ohA;;l

and At;; < tg , the PMI' isnot used for the vertexpositiomeconstructionphere Iy is
set to 700 cm and #;,; issetto 35 nsec. These upper limtsare determned by usi ng LINAC
5.87-MV( reconstructecl ectrorenergy=>5. 5~6. 5 MV ) data, so that 74% of the hit PVI3
m y satisfyhe above condi tionsat 5. 87TMV.

Then the vertexpoitt( Vyeane ) isreconstructedusingonly PMIS  which satisfyhe con-
di tionsabove. Subsequentlythe difference(AV ) between Vyep and the lowenergy recon-
structedvertexpositiorby the nornal 1owenergy fitter(Vyjye ) isplottedFig. C4. A isseen
inFg C4, AV becone worseinlover-energyregion Events with AV greaterthan 500cm



16000

60000 il
14000

50000 12000

10000 [t
40000 L

8000

30000

6000

20000 [ w
: 4000 LLH
2000 L'ML

10000 :W
L .

o L Tt e o Lo b L e
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000

Avertex (6.5 - 20.0 MeV) (cm) Avertex (6.5 - 7.0 MeV) (cm)

Figure C.4: AV distiibition o low-aegy events beae “spalldim cut” ( o Hgh.7 ) in the
6.5~20MeV regafleft) ad intle 65~70d wgahid )

ae dimimal & n#fit.  To daste tle raddian power d ths mise deasr, o Oy
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e kgonl rgatim powea o wmisedeasr isda afaa o 1.5 ~ 2 ad tlt is me

dfetiv e in loweraagy  regm

C.2 Direction (arer

A nsft  drtim  oaus  in events wth the vetex poitim mr the e o tle fildd
vdum @& is o m in HgCh To et s h st events Kdmgro  wSimo  KS ) test
iswd Te KS tet isa gmd sistidd tet wic h is giclle to mhned  dstihtias
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en be &0 dael wth a sge nunbea( fa eage lifdsim o ec h lihthlb wen it hos
at, a ddimion o ec h sta).
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lie in tle lowe-ldt-figre in HgCr Distatre  bewen tle two sdid lims mad — “dirks”
illstraed by an aro win HgC7 iswal & etima o the KS tet. T “dirkd dstibtias
d tle dtal beae “plldin  at(d.  4p edxE)) ad M (®Bsda mhins ) ae sow
in Aig(B. T eents wth “dirkd>04 ae tho m away.

Hally ,tle “dirkd at «am bred wth Vaeatex dew” dsaib a in SdinCl is gpied
to tle dta bdae ‘plltim at(d.  Ap edxB ad tle M T mwddim  futim s
etided  far the dta  typd  ‘Splldial events ) ad M & is do wm in Hg(. Te
‘spllatiaf events ae syp oad to lave a uifom vatex poitim dstibtim over tle fiddd
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Figure C.9: Reduction factor of the Noise cleaners( vertex + direction) as the function of recoil
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isthe reduction factor for the & solar neutrino data(ND).

volume. The data and MC data keep good consistency above the analysis threshold energy of
6.5MV. The difference isat nost 0.7% and itistaken account insystematic errors.



Appendix D

Muon track fitting

The event rate of cosmic-ray muons inSuper Kamok ande isabout 2 Hz. They emit a lot of
photons inthe inner detector(ID), typicallygreater than 1000 photo electron(p.e.),and hit the
outer detector(OD as well.InFig. D1, a typical cosmic-ray muon whic h penetrates the detector
isshown. They are mot direct background against 8B solar neutrinos, however, sone of them
especiallyenergetic enough induce a serious background naned “spallationevents”. Whilethey

entrance point(P o )

exit point(P eXit)

i

Hguwe D1: A typical cosnmc-ray single-trak muon which goes through the detector. In the
event, the entrance point is at the upp er-leftcorner of barrel region, vhile the exit point is
lacated inright-mddle of the barrel region. The large circleindicates the Cerenkov ring edge
estimted by the muon-fitter.

are passing the detector, they occasionallyspall 80 nuclei inthe detector water and produce
radi oactive isotopes. The lowenergy events whic h originate from these radioactive isotopes are
“spallationevents”. The detailsof spallationevents will be described in App endix. E, however,
they have the folleing characteristic:



e Their vertex positionsare located along the parent muon track.
e The parent muon leave a large energy deposit.

e Tine difference between the parent muon and a spallationevent are characterized by decay
lifetine of the produced radioactive isotopes.

To reject spallationevents, itisnecessary to reconstruct the parent muon track as accurately as
possible.

In this chapter, a netho d to reconstruct a muon track will be presented. A netho d toreject
spallationevents will be described inthe next chapter.

D.1 Reconstruction method

A typical p hits a large number of PMT. A brute-force reconstruction netho d such as
described innmetho d described in App endix. A would spend enormous conputer CPU tine: It
should be noted that the cosnic-ray muon rate is ~2Hz. A muon fitter should be much faster
than 2H.. In order to reduce the (PU tine, the muon fitter isconp osed of 2 stages: fast and
precise fitter. A flow chart of the muon reconstruction algorithm isshown inFig. D.2. Mons

Fast reconstruction

1
st Judgement Sccead
excess charg fail
event
Precise reconstruction
2
nd Judgement Sccead
fail .
a j fail
Finish reconstruction
use fast-reconstruction reconstruction fail (fitp)
result (fity) (unfitp)

Hgue D2: Schematic view of the y reconstruction

are then classifiedinto 2 categories: wellfit muons and wnfit muons. The track information of
unfit muons isnot, of course, used inthe spallationcut. The treatnen t of fit as well as unfit
muons inthe spallationcut are given in App endix. E.

D.1.1 Fast reconstrudiacn meho d

The entrance position( P, ) isgiven by the positionof the earliesthit-PVM[' inID which
has nore than 2 neighboring PMI' hitswithin 5 nsec.

The PVB around the exit point detect enormous anoun t of Cérenk ov photons, because the
sizeof (érenk ov ring becones relatielysmller. Then, the exit point isgiven by the center of

xvii



gravity of charge-saturatedPMTs wi t hcharge>231 photoelectron(p.e. ).The saturation sdue
tothe limiteADC ( anal og-to-digitabnverter) dynamc range.
The directiow isaccordingl ydefined by:

N N
5=ZQ;’@/’ZQH’7| (D1)

where N isthe number of charge-saturated®VIs, Q; isa charge recordedby the i-thcharge-
saturatedPMI' and p'isa vectorfromthe entranceto the i- thsaturatedPVL

D.1.2 =t Judgment

To judge the qualiy of the fastmuon fitter,the fol lwing 2 di stancesare i rtroduced;

e Lepns : the distancebetween the positiomf each charge-saturated®I' and the entrance
position

e Leyp @ the distancebetween the positionof each charge-saturatedPMI' and the exit
position

Then itisrequiredthat at leastone charge-saturated®I' which satisfieshoth Loy > 300cm
and Leg; < 300em( “geometrical condition ) . These requirenentsaretorejectstoppi ngmuons
whi ch st opinsi det he detect orand mul ti pl enuons as shown inFig. D 3.Ifan event doesn’tsatisfy

*E r Kamj oég;de* *E Komo nde %
QJ& 9
T l

TIME 244 IME

i i %3 |

?%%D@%%%ﬂ“
ésssz .

ﬁ@ g\v o mask

@“@D@%&US
ésss i
ﬁ@ g\v o mask

FigureD 3: A typicalstoppi ngmuon event (1eftand mul tiple-non event (righ). The mul tiple-
muon event has two trads.

thesecondi tionsthe fastreconstructionsjudged to have failedand the event goes to t he next
step,i.e.the precisemuon fitter. When the number of charge-saturated®MIs islarge,the
fastmuon fitterloseitsprecision.For thisreason, muons which emt too nan y photons are
rejectedeven ifthey pass geonetrical condition These muons are referredhs “excess charge
event” whi ch have Res@ > 25,000[p.€], where Res( isdefined by

ReSQ = Qtotal - Lu X 23, (D 2)

inwhich Qiga (p.e) istotalcharge of an event, L,(cn) ismuon tradk lengthinthe tank, and
23 p.e. /cmisthe average neasured energy depositby a penetratingmuon. They alsogo to the
next steptoo.
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D.1.3 Precise repnstrudian

When the fast muon fit t erf ailst o fit an event, thepreci seeconstructiogappliedothe
event. It isalscappliedo excess charge event. Thismethod isinprincipld nostthesane
as t heone enpl oyed i nt he vertexposi tiomeconstructiofthel av-energyevents. The only
di fferencki es hatt hefini temuon trak lengthstalenitoaccout i nt hemuon fit t erwhereas
thel ov energy(10Me V¢l ect rourak i sappr i natedas poi -1 ek nthevertexeconstruction.
The precismuon fitteri sbasedon a gridsearh nethod usi ngt he f ol Il ng goodness as an
estinmator;

1 1 1t — T2
goodness = ST X zijo—gexpl—§( 1.50i) ] (D.3)

o2
7

t; = Ti— lu(Pexit) N lph(Pen't ) (D4)
c c/n

vwhere T isthe tine when a muon hitsID) ¢; istimngresolutionf thei-thPM' setunifornly
to3 nsec,T; ishittine of thei-thPMI, cisthelighvel®ity invacuum n isrefractionndex
of water (1. 334)and 1,,(Pest ) and Ly, (Pest ) are muon fli gt di stanceand Cerenkov photon fli ght
di stancewhi ch are dependent on the muon exitpoit (P ), respectiel yas shown inFig. D 4.
The muon exitpoirtt( Pe;; ) isiterateds th the fixed entrance( Pgyy ) alreadydeterm ned by

Cosmic rayp Fent

|y(Pedt

photon
i-th PMT

=

exit
X~
S

Super-Kamiokande detector

Figure D 4: Definitionof [, and [ forprecisemuon fitter.

the fastmuon fitterso as to maxi mze goodness.

D. 1. 2ndJud gmetn
Events which satisfyhe fol lwing 3 conditionsare defined as fit-u

o Lo > 300cm

o Ly < 300cm
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e goodness > (.88

where L.y is the di stancebetween the posi tiowf each charge-saturated®MT and the entrance
positionand Le,s isthe distancebetween the positiomf each charge-saturatedNMI' and the
exi tposition.

Events whi ch don’t satisfyhe 3 conditionsabove are classifiechs unfit p, ot her than excess
charge events. Excess charge events whi ch don’t satisfyhe 3 condi tonsabove are classi fieds
fit ;1 as well which use the fastreconstructiomesul t.

D.2 Quality of reconstruction

D.2.1 Event type dep athre of the mum fitter

To estimatehe qualiy of the muon tradk reconstruction]l000 realevents are studied.
These events are classified o 5 categoriesclearsingle-trkecmuon, stopping muon, hard
itteractiomuons, edge clippi ngand mul tipl enuons. The defini tionsare as fol lws;

e stoppi ngmuon: muon which stopinsidethe detector
e hard irteractiomuons, where ResQisgreaterthan 25, 000p. e.

edge clipping tradk lengthislessthan 5m

mul tiplanuons : nore than 1 muon are detectedinan event.

clearsingl e- t rhkcmuon

In Table. D. 1thiscl assi ficati orssumarized. The fractiowf unfit muon isapproxi natel y6%.

1 type number of event number of unfit ted event
clearsingle 835 5
st oppi ng 10 8
hard 41 2
edge clipper 58 19
mul ti 56 28
total 1000 62

TableD 1: Event type dependence of the u-fitter

mR2 Track reastrutian reddian

The reconstructedPey (fitter)and P.(fitter)are conpared with those ( P (M) and
P.yit(M) ) given by a MU event generation.The differencei ncenter poirt of the muon trad
betweenthese2 netho ds istaken as trak reconstructionesol utioms isshown inFig. D 5.The
trak resol ution(d) isestinmatedto be 59cm fora typicalsingl e- trhkcpenetratingmuon.
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Figure D.5: Track resolution of the mwn fitter. For the MC single-track peretrating muwon, the
resoluwtion isestimated to be 59 cm
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Appendix E

Spallaion cut

E.1 Basic Idea

As described in pp endix.D, “spallation events” which origimte from long-lived radioactiv e
isotopes induced by an erergic cosmic-ra y mwon become seriows bac kgromds agpimst 8B solar
reutrito  events. List of spallation radioactiv e isotopes whic h decay via 8 and/or +y decays is
sumarized in Tabe.5.1. A spallation event has a strong spatial and time correlation wth its
meceding paren t muwon The paren t mwn tends to have higher erergies than an unhbiased muon,
as well. On the contrary, mn-spallation events, e.g ,®B solar reutrims, S-rays from 2B decay,
~v-rays from outsice of the detector, have mo such correlation To jude how a lowerergy event
looks lile a spallation event, a spallation lilelilbod function is defined Ten the reduction
factor of the spallation cut is estimated

E. 2 Lilkli hod functi on

First,the folloing 3 paramters, DT, DL and Res(@, related wth a paren t mwn are defined:
DT istim difference between low erergy event and the preceding paren t muon

DL isthe shortest distance between the muwon track and the vertex position of the low erergy
event.

ResQisthe residiall muon charge as defired inEq.D2 Then the spallation lilelilood function
is expressed by:

Lspa(DL, DT, Res@ = LDL(DL ResQ) - LDT(DT) - LE9?(ResQ) (E1)
for fit muors whic h lave mwon track iformation
LQ,Z(DT) . ngqQ(ResQ) (E2)

for wfit muons whic h lave oo mwn track information
(see Ap endix.D)

were LQJ{;(DL, Res@), LPT(DT), and LEeQ(Res() are three lilelilood functions described

spa spa
bel ow
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E.2.1 LJYDL, ResQ)

Six DL distributions (L!__,,,aea(PL);i = 1,6) are mak fa pars o tircardaa]
DT < 0.1sec) low-aegy ( Negpr>50 ~8MeV) ) event befae the splltim  at ad tle peedig
mun & is do m in FigE.l, vee the sisaip i npen ts ae d six Re s Qrggas 1)
Res Q< 25x04p. d,2 2.5x10% < Res Q< 5.0x10%[p. ¢,.3) 5.0x10* < Res Q< 1.0x105[p. ¢,
4)1.0x10° < ResQ<5.0x105p. 4.5 5.0x 105 < ResQ< 1.0x 06[p. d.ald 6 ResQ>
1.0x 10%p. §.
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Hgre EL DL dsuibtias DL dstihtim  ae mk in 6 ResQrgax < 2.5 x 0%p.
25x104 ~5x10%5x10% ~1x105 1x10° ~5x0° 5x0°% ~1x106 > 1x106. Slid lire

rpesen ts the tirmardatad lowaaygy eats ad deled lie stad fao the masplldio
event.

Thn six DL dswibtias (L}, oo(DL);i=1,6)ae do mb fa pis o fke lowenyy
event Wic h ae gmael  uifady in tle fiddd vdug2ka) by a M smdai; ad

are awicra y mun reostratad by tle mun fite (se ApeadxD ), & is o m in
HgEL T tim @idaed eents lnve adap peak inasdl DL regm  dees B
spllaicn  events dstribte in a sm d¢h pee spe Toe pek events ae treted B tre
gplldim  events Ty te pdbilit  y fudias  PLOM(DL) ad PDY  (DL) ae calael
s fdlo wes:
Pslzzf(DL)l = Lifcorrelated(DL) - Lﬁwnfspa (DL) (EB)

Pngrf—spa (DL)l = L:um—spa (DL) (EA)

Ad  a likdilo od fudtin . ]
e Pnlgﬁfspa (DL)Z



is defined and shown inFig.E.2
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Then as shown inHg E2, a fit ismade to L.,
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were A;, B;, ad C; arefreeparaneters:

A =2. 836, Bi =5. 59, =2. 107
Ay =5. 46860, By =7.1765,=2.087
A3 =2. 7650, By =7.608,=1.
A3 =2. 7850, By =5.07d5%=0.
Ay =6.687T02% By=8.176G=1.
Ay =6.66702 By=5.706,=0.
As =1. 0%502, By =9. 1805,=0.
As=1.0%502%2 By =7.2865,=0.
Ag=2.8%403 By=9. 8465 =0.
Ag=2.8%403% By =7.8185=0.
Finall y

LPL(DL,Re s Q= ZLZ L

spa

Resg>1x10%.e. cm

DL) distributiorns.

(B;—C;i-DL)

8 5(f oL < 2.50 2 m)
8 A€ oPL > 2502 m)
30f oL < 3.635 m)
6 A% oL > 3.6 35 m)
90 % oL <5201 m)
53T oL >5201m)
7% oRL < 5.470m)
34% oL >5470m)

50

O(Re s Q- Re s @ - O(Re s @1

, assumng a function of

— Re s ()

(E6)

(E. 7)

isobtaineldgrehe ubs criirpetpr etssemeofsi Res@regi oRes@=0,Res@=
25 x10p. 4, Res@ =50x10p. $,Res@=10x10[p. §,Res@ = 50x10[p. ¢,

Res@=10x10]p

b Res@=10x1C6p. ¢.

XX1

\%



E.2.2 L. (DT)

A DT distribution( Ts_corretated(DT) ) is mad fa pars o sptidly-cardaed DL < 3m)
low-amgy Nesp > 50 (=~ 8MeV ) ) event befae the splltim  at ad tle peedig mm
& ae so m FigE.3 Thn pdailit vy futios PDT(DT) ad PPT_ (DT) beaws

spa non—spa

80

60

40

20

0

I i et
Q 0.02 0.04 0.06 0.08 0.1
sec

100 |1

Hgre B3 DT dstrihtias. Typad mdes lifdim  ae sp oad in ex h tim
regan 0~0lsc 2B(EW%), 2Ne0% 01 ~08c  SLi(10p 08 ~dsec SHOWE SO
4T LONIOWY B~ S0 Io westrigh tfigre rmpesm  ts Wwle  tim g

Psgg(DT) = Ts—correlated(DT) (E&
Pon —spa(DT) = 1 "

It dold  be wtel tht te PDT  (DT) dshibim  is syp onl to be a astn  t(=it ).
. . . PPT(DT
Tﬁl Lspa (DT) is damd by Hklrg aft to tle furtim ﬁ = Tsfcorrelated(DT) )

non—s p

FSUITE alimr am hitim o epaen tid fudias o DT

DT

7
T 1
spa DT :E Az< ) e (E]@
=1

e  A; is a fre pradge ad Typ;isafied Hflife d 7typad rmdo adiv eidp e
A1 = 3}111 TI/Q,I = Q0 ( '172N )
Ay =10 Typo = 0B (°B)




Az = 338.6, Ty o3 = 0. 178 se¢ 3Li )
Ay =1254T ;54 =0. 8494&ki)
As =134 . Tps=2. 4495(4C)
Ag=676.Tpe="T7.1344FN)
Ar=T.79Mp7=13. 83§ ¢Be)
Onenoti casharact er nuctle ulki fei mere ale DL r e gi oansj  hwni nFi g. E. 3.

E.2.3 LEs@(ResQ)

spa

A Res@Qdi s t ri bu®i_gmndiation(Re s Q) imadd opai odt i me-correDTtellsec
J1w-ener Jyfrf >508MeV))eennshefothepall acutand herecedinmgn,
asi s honi Fi g. ETHemnot hRas Qli stribu@uoni(Res@)ismadd opaind

X(7.12x107)

L b b e b b by Wl
0 1000 2000 3000

ResQ for Normal Muon p.ex10 3

FiguFe 4Res @i s tributoisopmsl | amnomns (eppnd onn- bi amedns (o) .

uncorreleateandareados m ¢q-mmeomr econs trhemadnfit tes ¢Appendi x. D
) asi ol ssohwni nFig. E. 4.
Thepr obalbyiflurntc t iRﬁﬁ%Q(Res@andpnﬁff_QSpa(Res@ar eal cul asfeadlwlsa

PS};ZSQ(R‘? S @ = Qtfcorrelated(Re S @— Qrwn—spa(Re S @ ( E. 11 )
Pnﬁfzs—Qspa(Re 5Q = Qrwn—spa(Re s Q (E. 12)
. . . . PResQ(Resq) .
Conseqtdnls,(Res@isobtaiibydaki ngfitt ot hd unct 1—@—”&?7]3 2 (ResQ) s henin

non—spa

Fig. Ea$sumiand” pli no miamal’”™ pli no mif malc t o 6Re s Q

Z?:()Ai(Re 5Q Res@50x10

LsPa(R@S@:{ 2o Ai(Res @ Res@50x10 (E.13)

XX VI



where A; is free parameter:
for ResQ < 5.0 x 10°
Ag = 1.507 x 1074, A} = 7.138 x 1079, Ay = 9.987 x 101
Az = —1.307 x 10719, A4 = 6.407 x 1026
for Re s (@ 5.0 x 10°
Ag = —2.644 x 1072, 4; = 7.086 x 1078, Ay = —3.661 x 10~ '°

Il w . Ll |.. I

o' | o I |I,-1I.|'| il -| ‘I 1'('“ Il fimimen

+

4
10 L b v b e e e 1 [ L
0 500 1000 1500 2000 2500 3000,

ResQ(spa) x 10

FigureE.5: Lgp,(Re s Q) distributions.

E.2.4 How to find a parirg mum

The spallation liklihood is calculated for a pair of lowenergy event and preceding muon
candidate. The candidate muons are traced back to 100sec before the 1ow energy event. Then,
a pair vhich gives the maxim um lilelihood( Lgp,(DL,DT,Re s Q) isselected There are 2
different set of spallationlilelihood distributions;one for wellfit muons and the other for unfit
muons( See Chapter.D ), as are showmn inHg E6.

E.3 Dead time due to the spall ati oncut

To estimate dead tine which cones from the spallationcut, a “Random sanple” isused.
To generate thissanple, one collectsvery lowenergy events(N50 < 25 hit and Ngsp < 30 hit(
~ 5MeV )) roughly every 10 second, and randomize their vertex point artificially They are
supp osed to be caused by [-rays fromradon decays inthe water or v-rays from the surroundi ng
rock. Hence, thissanple assunedly have no correlationwith cosmc-ray muons.
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The cut is determinedso as to mximze “Significance” defined below:

1 — deadi
vhere “dead-tine” isdead-tine estimated by the random sanple, and ‘remaining” isthe re-
maining number of real events.
Figure E7 shows two-dinensional distributionof dead tine and significance. Fnally, the cut

N
a
T

Significance

135 [
o b e b e b e e e e e e b e e by
10 20 30 40 50 60
Dead Time

FHgwe E7: Dead-tine vs Significance. The horizontal axis isdead tine inunit of %, estimted
by a random sanple, and the verticalaxis is significarnc e defined inFy. E 14.

inLikelihood isset at 1.06( fit muon ) and 0.92 ( unfit muon) where dead tine becomes 19.5%
Furthernore, event vertex positiondependence of dead-tine imtroduced by the spallationcut
isstudied In Fig E8, dead tine estimated at several positiomsisshown. The difference in®B
neutrino fluix between a constant dead tine of 19.5% and the positiondependent dead-tine is
about 0.05% The tine variationof the dead-tine isalsoestinated to be +£0.5%
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Appendix F

Energy Determination

In a low energy regiont~10Me V), the number of hi tPMI's isusedtocal cul atehe ener gy
ofanevent. A recoidlectroscatteresl a 8B sol ameutringi estypical ISOMV equialen
of energydeposi i nt he Super-Kani oknde detectorThe hi tPMIs ( 45 hi tsat 10MV int he
ceterof detectordetectsmstlya singl photelectrosi gnal The energyi sappr«i mately
prortionatlothenumberof hi tPMIs. Thereforethenumberof hi tPMI{ Nj; ) isusedfor
energydeterm nati af temppl yi ngone corrections.

The correcteNy;;iscalleds Nosr and i sdefinedby Eq. F. 1IntheN.s; cal cul ati drhe
number of hi t PMI5 whi ch areincl udednthe 50 nsectini ngwi ndow afteixCerenkv photon
TOF ! subtractioiNs ) i sused. Then, t hedefini tioaf N, ¢ i sexpressely

Nso
Naii Li .
Neff = Z Na(lliue X Rcover(01'7¢i) Xexr X fperi 0,{2) X (Xl + €tail edark) (F 1)

i=1

where N,y i st hetot alnumber of PMI¥ inthedetectowhi chisequaltol11146,Ngyj 4 1SNgy -
Ngead appraimatel 100),and t heot herparanetersil Ibe descridil one by one.

The ﬁrsttern(% ) inEq. F. lisa correctidmactofordead PMI5.

The secondtern( Reowr(0;,¢;) ) inEq. F. 1li si werseof t he phot o- detectipnobabi ly bf
each PMI. The defini tioaf #; and ¢; i sdescridelinFig. F. 1The Repwr(0;, ¢;) distributiom

t he (60;, ¢;) pl anei sshowm inFig. F. 2

The thi rdern(e% )inEq. F. lisacorrectidnctoforlighattenationnthewater.L;is
di stanchetweent hevertexpoi and thei-tIPML. X isthelighattenatiod engthForthis
correctiohighattenatiod engtheasuredby pu-decyg el ectronsenpl ayed( Section. 4. 4..2

The fourtltern{ fyerod?) ) inEq. F. lisa correctidmctoforgainvariatioaf PMI' at
singlphoton-electrberel . The gai ni sdependert on t heproductionineofeadh PMI' whi ch
isdescridili nSection. 4. Illzn

0.833 old PMT(375PMT's
fpen’ od= { ( ) (F 2)

1 newPMT(1077PMTs)

The fif thtern( (X; + €4i 1+ €4ark) ) inEq. F. lisa correctidmctof ort he number of hi t
PMIs .

'Time Of Flight
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X; is the expected number of photo electrons detected by ¢-th hit PMT. This isestinated
uwsing the number of hit PMIS  neighboring the +-th PV The definition of X; is

o log=—
Ai 1-z; .
Xi:{ T, T z; <1 (F3)

where z; isthe ratioof the number of hit PVIS  to number of lie PVIS inthe neighboring
PVME  around the i-thhit PMI{  typically9 = neighboring 8 PN + i-thPM' ), and J; isa
nean value which gives a Poisson distributionsatisfyingthe folleing equation,

A0 x i
Py= 2 g (F. 4)
0!
€qi1 1sa correctionfactor for del ayed hits originating from ligh reflectionon the surface of
PMI' and €441 isa correctionfactor for dark noise. The definitions of them are:

N - N
I-Vp R(“’:ed]r k 100”86(2 F 3

vwhere Nygg isthe number of hit PMIS in100nsec tine windo w and Rde 4 4 isthe dark noise
rate ina run

Based on a MU simulation, the correlationbetween N.¢; and generated energy of electron
events is denonstrated inkg F 3. Fnally an event energy E isapproximated by the follwsing
function of Ney ;.

E = 0.74736 + 0.13551 - Nopp —0.63038 x 107* - N7 ; 4 0.45283 x 107%- NJ; ;
—0.68723 x 107 NZ;;

e

~  0.74736 +0.13551 - Ny (E7)
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